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ABSTRACT 
This thesis describes the development of a computer controlled on-line 
system for fermentation monitoring and control. The entire system 
consists of a laboratory fermenter, flow injection system (four 
channels), a newly designed on-line filter, biomass analysis channel, 
pH and oxygen controllers as well as a spectrophotometer. 
A new design of gas driven flow injection analysis (FIA) allows a large 
number of reagents to be handled. The computer-controlled four 
channel PIA system is well suited for sequential analysis, which is 
important for fermentation on-line mOnitoring. The system can 
change the wavelength of the spectrophotometer automatically for 
each PIA channel, which makes the system powerful and flexible. 
A high frequency, low energy ultrasonic filter was modified and 
applied to the system for on-line mammalian cell culture sampling 
without breaking the sterile barrier. The results show that this novel 
application of ultrasonic filter technology results in higher efficiency 
and reliability and a longer life cycle than other types of filter. 
All the operations of the analytical system are controlled by a 
Macintosh computer (Quadra 950). The control program was written in 
LabVIEW which is a graphical programming language and well 
applicable to fermentation control. The software communicates with 
detectors, data acquisition, data analysis and presentation. The system 
can programmatically control up to 50 devices. 
Mammalian cell batch culture was used as an example of the 
application of the system. The system consists of a laboratory fermenter 
with a continuous sample withdrawal filter and an analysis system 
where glucose, lactate and ammonia, lactate dehydrogenase and 
biomass were measured. Cell viability was estimated by microscopic 
assay with trypan blue. pH and Oxygen were also measured. The 
system response was fast and yields a large number of reliable and 
precise analytical results which can be of great importance in the 
monitoring and control of mammalian cell culture conditions. 
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VOLUME I 

Chapter 1. General Introduction 
1.1. Introduction 
Biotechnology can be defined as the use of microorganisms, animal or 
plant cells or enzymes to synthesise, break down or transform materials 
(Smith, 1988). This requires the integration of biochemistry, biology, 
microbiology, chemical engineering and process engineering, together 
with other disciplines, in a way that optimises the exploitation of their 
potential. Historically, the most important area of application of 
biotechnology is fermentation technology. 
Instrumentation is used in fermentation processes for the analysis and 
recording of specific parameters, optimisation of conditions for the 
fermentation and to maintain the optimised production process. As 
research in biotechnology rapidly advances, there is a need for more 
complex measurements and sophisticated on-line sampling techniques in 
fermentation systems. The basic measurements of pH, dissolved oxygen, 
and oxidation-reduction (redox) potential cannot supply enough 
information to the researcher with regard to cellular-level functions. 
A utilisation profile of the energy sources (glucose, glutamine), biomass, 
different enzymes or other nutrients can indicate the best conditions for 
maximum product yield in a fermentation process. However, the 
measurement of discrete chemical species cannot usually be carried out 
with single immersible probes. Complex measurements are usually made 
off-line which involves the removal of samples to an analytical laboratory 
1 

p 
which delays the results. Such a system is not satisfactory for short-term 
or fast fermentation processes, as the response time is too long to meet the 
requirements of feedback control. 
Flow injection analysis (FIA) has been successfully applied in the on-line 
monitoring of fermentation processes and recognised as an important tool 
in biotechnology (Garn et al., 1989; Chung et al., 1991; Forman et al., 1991; 
Filippini et al., 1992; Carlsen et al., 1993; Katayama et al., 1993). The 
technique has the advantages of being fast, sensitive, stable, accurate and 
has a small sample volume requirement compared with other techniques. 
However, some improvements still need to be made in order to meet the 
requirements of biotechnology. 
1.2. Aims of Project and Layout of Thesis 
Aims ofProject 
The major objective was to develop a robust fermentation monitoring and 
control system based on FIA and incorporating improvements on 
conventional systems. The system included fermenter, sampling device, 
the FIA system, detectors (spectrophotometer and probes) and pumps. 
The entire system was to be controlled by a single computer with easy-to­
use and reliable software for system control. 
The main elements of the project are: 
a). Further development of current FIA techniques with a more amenable 
2 
pi 
and powerful force (helium gas driven) for driving samples and reagents, 
solenoid valves and programmable multi-channels for analysis. 
b). Development of a new on-line sampling system for mammalian cell 
culture using a novel ultrasonic cell filter (UCF). 
c). Automatic control and manipulation of the on-line analytical system. 
d).Development of a reliable and reproducible software for on-line 
fermentation monitoring and control using the graphical language, 
LabVIEW. 
Layout oj Thesis 
The thesis has been divided into Volumes I and II. Volume I includes six 
chapters and references. Volume II contains four sections, Appendix A, B, 
C and D. This chapter is the introduction and context of the research 
which constitutes the first of six chapters. This chapter describes the aims 
of the project and a literature review of research in the field of 
fermentation on-line monitoring, control and sampling. The background 
of the computer control of fermentation and the FIA technique 
applications in fermentation processes are also described. 
Chapter 2 describes the hardware design of the system and details of the 
electronic features, functions and communications between the devices 
and the control computer. Details of the structural design and 
functionality of the PIA system and the UCF filter are also given. 
Chapter 3 describes the details of the software design. It includes the 
software design criteria, architecture of the system software and the 
functions of the control system. The descriptions of system control 
3 

software begins with the main control program, then breaks down the 
program into groups according to the functionality of each sub-program. 
Chapter 4 presents system calibration results which demonstrate the 
system performance, accuracy, precision and efficiency. For system 
application to a mammalian cell culture, the main biochemical parameters 
of glucose, lactate, ammonia and lactate dehydrogenase are particularly 
emphasised in calibrations. Seven days quality control experiments for 
glucose, lactate and ammonia were performed to assure system 
performance and enzyme stability. The calibration of pH and oxygen 
electrodes are also presented in this chapter. 
Chapter 5 is an application of the system to monitor a mammalian cell 
culture. The studies were performed in batch culture using the on-line 
monitoring and control system. 
Chapter 6 provides an overview of the main conclusions and 
recommendations for future work. 
Appendix A contains all the electronic circuit diagrams which have been 
built for the system hardware during the study. 
Appendix B presents all detail s of the system control program. 
Appendix C contains all tables related to devices connections and original 
calibration data. 
Appendix D presents five papers which have been produced during the 
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course of the study. 
1.3. Background to Fermentation Technology 
1.3.1. General Fermentation Processes 
Fermentation processes are normally developed through three stages. 

Initially, basic screening procedures are performed using simple 

microbiological techniques with Petri dishes and flasks. Seed culture 

systems are followed by laboratory based pilot plants, used to investigate 

the optimal operating conditions in a culture volume of 3 to 200 litres. 

Finally, there is the transfer of the culture to plant scale and final economic 

realisation (Griffiths, 1992). Throughout these stages of development the 

biotechnologist aims to maintain the optimal environmental conditions for 

the process at all levels of development. These conditions involve both 

chemical factors (substrate concentrations) and physical factors (mass 

transfer ability, mixing ability, power dissipation). 

Within any bioreactor a primary aim is to optimise the growth of the cells 

or production of a substance produced by the cells. To achieve this 

objective, optimum culture conditions must be developed and will involve 

the following requirements: 

a). An energy source. 

b). Other essential nutrients to satisfy the needs of the cells. 

c). Minimisation of the concentrations of inhibitory compounds. 

d). A reliable inoculum and the most advantageous physicochemical 
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conditions. 
1.3.2. Essential Measurements in Biotechnological Processes 
Biological processes are influenced by several control variables: 
temperature, pH, dissolved oxygen partial pressure (p02), as well as by 
state variables such as redox potential and C02 partial pressure, (PC02)1 
which have a direct influence on cell metabolism (Schugerl, 1991a), and 
some important biochemical parameters, such as concentrations of 
glucose, glutamine, lactate, ammonia etc. Other control variables (power 
input, aeration rate) and state variables (liquid viscosity) have an indirect 
effect on cell growth and product formation. 
Measurements in biotechnology are based on the nature of a variable, 
such as physical, chemical or biological; on the principle of measurement, 
such as optical, electrochemical or thermoelectric and on the location of 
the sensor, in situ or in line. They are also dependent on the state of 
automation: off line or on line; or on the measurement technique: Flow 
Injection Analysis (FIA), Mass Spectrometry (MS), Gas Chromatography 
(GC) and Liquid Chromatography (LC). The measurement is normally 
displayed in order to inform the user about the actual state of the 
investigated object (monitoring) and can be used for either manual or 
automatic control. In comparison with other disciplines like physics or 
engineering, biotechnology is under-developed with respect to both 
measurement and control. 
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1.4. Control of Fermentation Systems 
In the last decade, there has been a significant cost reduction and 
improvement in the speed and reliability of computer hardware and the 
increased availability of software. These factors have resulted in a major 
increase in the use of computers to control and optimise fermentation 
processes (Cadeysmith, 1994). The economic pressure to improve the 
yields, productivity, and quality control of bioreactors together with 
powerful personal computers and workstations has resulted in more use 
of computer applications in fermentation process control. These 
computers provide, besides traditional data logging, inexpensive and 
reliable means to integrate computer control into fermentation processes. 
Computers can also carry out more sophisticated tasks such as on-line 
identification and adaptive control and optimisation of fermentation 
processes. 
Since the first use of computers in the 1960's for fermentation control 
(Murao and Yamashita, 1967), there has been wide use of computer 
applications in fermentation technology. Computer controlled 
fermentation process systems have been reported by many researchers in 
the literature (Wang et al., 1977; Parker et al., 1986; Kroner, 1988; Fish et al., 
1989; Anderson et al., 1989; Rao et al., 1989; Aynsley et al., 1989; Ward, 
1989; Dusseljee and Feijen, 1990; Lim and Lee, 1991; Dahhou et al., 1991; 
Filippini et al., 1992; Hosobuchi et al., 1993). Most of the control systems 
are complicated to set up and require more then one computer to perform 
on-line control and monitoring. This is both unrealistic and expensive for 
small fermentation companies and laboratory research. 
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Many key variables in fermentation are measured off-line. It is necessary 
to send these measurements back into the automation system as promptly 
as possible to ensure their proper use. In many laboratories, the off-line 
data are entered into the control computer manually via a computer 
terminal to the process management systems. Consequently, the off-line 
data is not immediately available to the system. Data with low sampling 
frequencies and long time delays are some of the main problems in 
current biotechnology. Nearly all the off-line measuring techniques and 
systems exhibit this disadvantage (Liibbert, 1989). 
In the past few years, mathematical modelling and simulation software 
have been developed for a deeper understanding of biotechnological 
processes and for a closer look at bioreactors, microorganisms and cells 
(Blanch and Dunn, 1974; Pirt, 1975; Hampel, 1979; Kossen, 1979; 
Martegani et al., 1985; Cooney et al., 1988; Andersen et al., 1989; Bellgardt et 
al., 1989; Glacken et al., 1989; Parulekar, 1989; Niktari et al., 1989; Sinclair 
and Cantero, 1990; Hardwicke et aL, 1991; Massimo et aI., 1992). Despite 
many efforts to model a wide variety of processes, models are not widely 
applied for design and optimisation of industrial process schemes and 
development of control strategies, although many design methods are 
based on mathematical models (Nielsen et al., 1989a). The gap between 
model development and practical application can be summarised briefly: 
a). Model based methods are made uneconomic by the complex modelling 
procedures. 
b). Models rarely include all important process variables, due to 
insufficient on-line and off-line measurement methods for biological 
variables. 
c). Due to the diversity in growth and production characteristics among 
8 

cell lines, the constants employed in the model for a particular cell line are 
rarely applicable to other cell lines. 
The use of computers in fermentation control systems is usually limited 
not by the hardware components but by the availability of software. The 
software controls the functionality of an automation system and is thus 
most important. The requirements for on-line mOnitoring and process 
control software are steadily and rapidly growing, but software which has 
more flexibility and a better human-machine interface still needs to be 
developed. 
Many investigators have reported the application of fermentation process 
control in both the fermentation industry and in the research laboratory 
(Andersen et al., 1989; Dahhou et aI., 1991; Filippini et al., 1992; Massimo et 
al., 1992; Hosobuchi et al., 1993). However these current systems are still 
not completely satisfactory for users in fermentation monitoring and 
control and are difficult to handle, as well as being expensive 
(Carleysmith, 1994). Generally, the fermentation industry has fallen 
behind other process industries in the application of sophisticated control 
and optimisation technology. There are several reasons for the delay: 
fermenta tion processes are complex, involving a large number of complex 
dynamic biochemical reactions and transport phenomena; many of which 
are not well understood. In addition, real-time measurement of 
physiological and biochemical parameters is not simple or easy. The 
microorganisms/mammalian cells have intracellular regulatory 
mechanisms through which they perform internal regulation. Without a 
proper understanding of these mechanisms we can only manipulate the 
extracellular environment, thereby influencing intracellular mechanisms 
9 

" 
in order to optimise bioreactor performance. 
1.5. LabVIEW 
LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is 
designed to simplify scientific computation, process control and test and 
measurement applications, but it can be used for a wide variety of 
programming applications. For the past few years, the applications of 
LabVIEW have been rapidly growing due to its high capacity for data 
acquisition, control, analysis, innovative programming methodology and 
data presentation (Gregory et aI, 1994). 
1.5.1. The Concept of Lab VIEW 
The term visual language means a language for programming with visual 
expression (Chang, 1990). The concept of LabVIEW is based on such a 
principle and is called the Virtual Instrument (VI). A VI is a software 
construction that has the characteristics of an instrument. The functional 
VI is symbolised as an icon and can run on its own or as a sub-routine in 
other higher level VIs. Each VI has an icon connector, front panel and is 
Block diagram. The front panel is displayed on the computer screen and 
operated via the keyboard and mouse. The icon connector receives data 
and passes the data to the sub-VI controls (figure 101). The block diagram 
is the graphical source code of a LabVIEW VI (figure 1.2). The 
construction of block diagram is simply by wiring together objects that 
send or receive data, perform specific functions, and control the flow of 
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Figure 1.1. A front panel and icon connector for a spectrophotometer 
control VI created in Lab VIEW. The panel contains switches, numeric 
controls and graph display for controlling sample size, sample interval, 
wavelength, slit width and initialisation of the spectrophotometer. 
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Figure 1.2. A block diagram of the spectrophotometer 
execution. The block diagram communicates directly to plug-in boards 
and to external physical instruments through driver software. 
The language departs from the sequential nature of traditional 
programming languages and provides a graphical programming 
environment and all the tools needed for data acquisition, analysis and 
presentation. Visual instrumentation enables the coding of functions into 
software, removing the need to build dedicated new instruments. 
Interaction with virtual instruments occurs via an operator panel on 
screen with graphical representations of physical controls and displays 
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(see figure 1.1). It is a powerful software development tool with maximum 
flexibility for writing program and data handling. Such a programming 
language has broad benefits for specialists who are not computer scientists 
or programmers but who would like to do the programming for their own 
work. 
1.5.2. The Software System Architecture of Lab VIEW for Instruments 
Control 
The architecture of the National Instruments (NI) software is shown in 
figure 1.3. The foundation of the NI software is device driver software: NI­
488.2 for a general purpose interface bus (GPIB), NI-DAQ for data 
acquisition (DAQ) hardware, NI-DSP for digital signal processing (DSP) 
hardware, and NI-VXI for VXI hardware. The device driver software 
operates at the operating system level of the system control computer, so 
that the user can program and control any of the hardware products from 
an application software package. Each of the device drivers is designed to 
maximise programming flexibility and data throughput. The driver 
software also gives the user the tools to configure, debug and program 
hardware from the application software package. At the top of the NI 
software system architecture is the application software - LabVIEW which 
addresses three of the important system control software elements: data 
acquisition, data analysis and data presentation. 
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( Instrument Drivers J 

Driver Software 
Serial 
NI-488.2 NI-VXI Nl-DAQ commands 
GPIB VXI/MXI Computer bus RS-232 
Figure 1.3. National Instruments software system architecture. The 
foundation of the software is device driver software which designed for 
all standard signal communications with instruments. The instrument 
drivers provide all tools for hardware configuration, debugging and 
device control programming. At the top of the software system is 
LabVIEW for data acquisition, data analysis and data presentation. 
1.5.3. Basic Programming 
LabVIEW combines the latest operating system technology with object­
oriented programming techniques to give the simplicity of non 
programming systems with the flexibility of a standard programming 
language such as C or Pascal. 
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With Lab VIEW, the writing of complex programs has been simplified by 
building user VIs. The front panel of the VI serves as an interactive 
interface for supplying inputs to and observing outputs from the 
instrumentation system. All commonly used controls such as switches, 
knobs and slides are provided by the software. The package also allows 
the user to design their own instrument controls. 
LabVIEW is based on a principle of modular design. This means that any 
individual VI can be opened or run as a stand alone. Vis can be 
interactively tested and immediately used as icons to build sophisticated 
layers of VIs. Through modular hierarchy, a VI can be modified, 
interchanged, and also combined into the VIs to meet changing 
application needs. 
Through Lab VIEW VI libraries, the user can control and acquires data 
from GPIB, VXI, RS-232 instruments, and plug-in DAQ boards. For this 
project, two DAQ boards (NB-DIO-24 and NB-MI016) and a serial port 
were used for communications between the system computer and control 
devices. 
1.6. Flow Injection 
1.6.1. Flow Injection Analysis 
Since the first paper published by Ruzicka and Hansen in 1975, PIA has 
undergone considerable development. This is reflected in the number of 
papers published over this period and in particular four monographs 
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published (Valcarcel and Luque de Castro; 1987; Ruzicka and Hansen, 
1983; Karlberg and Pacey, 1989; Burguera, 1989). FIA is now a well 
established technique. The publications of FIA techniques cover a wide 
range of methods and analysis, as shown in reviews on areas of: clinical 
chemistry (Rock and Riley, 1982; Linares et al., 1985), pharmaceutical 
analysis (Rios et al., 1985; Lorenz, et al., 1987a; Christian, 1992), 
environmental analysis (Casey and Smith, 1985; Fang, 1986; Luque de 
Castro and Valcarcel, 1990; Chen et al., 1991), food analysis (Fang et al., 
1986; Osborne and Tyson, 1988) and biotechnology (Locher et al., 1992; 
Schiigerl, 1991b; KarHcek and Solich, 1994). 
The definition of FIA is the mixing of a sample in a tube with specific 
reagents within a continuously flowing stream of carrier liquid while 
travelling to a detector. The detector monitors a property of the liquid that 
undergoes a change according to the extent of the selective reaction, which 
has occurred between the injection of the sample and its arrival at the 
detector. The principal advantage of this technique is that the 
incompressibility of the non-segmented flow allows the time interval 
between injection and detection to be reproduced with high accuracy. This 
allows reaction products to be monitored without waiting for a steady­
state. It also permits a high rate of sampling to be achieved and allows 
chemistries in which reactions do not go to completion to be employed. 
The working principle of a conventional FIA is presented in figure 1.4. 
Generally, flow injection methods are straightforward, fast and are easily 
automated. Compared with other analytical alternatives, FIA allows the 
development of sensitive, selective, precise and rapid methodologies 
which can be applied to a wider range of situations. However, there are 
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still several undesirable aspects in present FIA technique which limit the 
application of the technique. There are a slow driving force (peristaltic 
pumps), long dispersion tails which reduce the system reproducibility, 
difficulty of changing injection volumes which involves complicated tube 
changing, not easy to interface to other systems and are expensive. 
Pump 
loop 
Waste 
Reagent 
General arrangement of conventional FIA system, showing its essential 
components: peristalic pump, injection valve, loop, detector and flow-cell. 
Figure 1.4. Working principle of the conventional PIA system 
FIA has been applied in enzymatic analysis (Nalbch et al., 1988; Hansen, 
1989; Pohlmann et al., 1990; Stocklen and Schmidt, 1990; Silfwerbrand­
Lindh et al., 1991; Englbrecht and Schmidt, 1992). Holm (1986) produced 
an FIA method for the determination of cellobiose dehydrogenase activity 
in fermentation samples. Standards and fermentation broth were diluted 
in the buffer before injection and the method worked in an activity range 
of 0.25-1U / cm3. Masoom and Worsfold (1986) reported an PIA method for 
the kinetic determination of four different clinically significant enzymes 
with fluorescence detection. The techniques used were stopped flow and 
merging zones. The activity range was 0 - 500U / dm3. 
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Recktenwald et al. (1985a) reported an application of FIA techniques to 
measure the activities of formate dehydrogenase and L-Ieucine 
dehydrogenase in downstream operations of Candida boidinii and Bacillus 
cereus. The reproducibility and statistical precision of data was shown to 
be much better than that resulting from the manual assays. Silfwerbrand 
et al. (1991) described a development of an PIA system for on-line analysis 
of ~-galactosidase in down stream processing. However, the system still 
suffered from short term stability due to the reduction in enzyme activity 
with time, which meant that such a system was not suitable for medium 
or long term on-line fermentation broth analysis. 
1.6.2. Flow Injection Analysis Techniques for On-line Monitoring of 
Fermentation Broth 
PIA is undoubtedly versatile and is easy to set up compared with other 
techniques, such as mass spectrometry, liquid chromatography and gas 
chromatography. It also allows the combination of a variety of analytical 
and sample pre-treatment devices. Detection systems used with FIA are 
UV/Visible/NIR spectrophotometers, chemiluminescence, fluorometry, 
mass spectrometry, atomic absorption and flame emission photometry, 
and various electrochemical techniques (Ruzicka and Hansen, 1988). 
During the past few years, various PIA systems for on-line fermentation 
monitoring and control have been described (Parker, et al., 1986; Schugerl, 
1988; Garn et al., 1989; Nielsen et al., 1989b, 1990; Hayward et ai., 1990; 
Forman et al., 1991; Dremel et al., 1992). A method for on-line protein 
detection in biotechnological processes was developed by Recktenwald et 
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al. (1985a,b) and Kroner and Kula (1984). Recktenwald et al. (1985a,b) used 
an FIA analyser and transferred two protein assays to flow injection 
techniques. A fermentation research group (Parker et al. , 1986) at 
Worcester Polytechnic Institute reported a dual-channel monitoring 
device combined with the FIA technique for fermentation process control 
(MCA-103). Nielsen, et al., (1989, 1990) developed a system for semi-on­
line monitoring of several variables in lactic acid fermentation. The system 
was used to monitor transient responses in continuous fermentations and 
showed that FIA is valuable for on-line monitoring. Nielsen's system 
demonstrated that FIA is capable of on-line monitoring of fermentation 
processes. 
The determination of glucose and lactate in fermentation broth, foods and 
physiological fluids is very important. Benthin et al. (1992) reported the 
measurement of glucose and lactate by an application of FIA to study 
bacterial and yeast fermentation, especially the product formation pattern 
at very low glucose and lactate concentrations. The limits of determination 
in aqueous solutions were 50llg IL lactic acid and 150llg IL glucose. 
The continuous and reliable determination of substrates in media 
originating from food or fermentation broth is possible only when 
continuous sample pre-treatments are integrated into the corresponding 
FIA system (Chung et al., 1991). An FIA system with immobilised 
dehydrogenase, including sample pre-treatment by means of a 
continuously working filtration unit for elimination of microorganisms 
and dialyses, was applied to the parallel determination of glucose and 
ethanol during a baker's yeast fermentation (Ogbomo et al., 1991). Dremel 
et al. (1992) also described an PIA application of on-line monitoring of 
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glucose and lactate concentrations in animal cell culture. Englbrecht et al. 
(1992) demonstrated that the continuous determination of pullulan in the 
presence of glucose in filtered fermentation broth, by FIA, for process 
control, is possible. The parallel analysis of glucose and pullulan in one 
sample took about 10 minutes. Compared to the time needed for analysis 
with conventional methods of about two hours the use of FIA is a real 
improvement. 
Generally, all PIA systems currently used for on-line fermentation 
monitoring and controls are driven by peristaltic pumps, which results in 
slow injection. The system accuracy and flexibility are also not satisfactory 
for on-line monitoring and controL Thus FIA technology still needs to be 
improved to meet the requirements of on-line fermentation monitoring 
and controL 
1.7. Other Techniques for On-line Fermentation Broth Analysis 
Apart from the PIA, some other techniques, such as mass spectrometry, 
liquid chromatography, gas chromatography and enzymatic electrodes 
are also available for the on-line analysis of fermentation broth. However 
the applications are limited by the technical complexity, the requirement 
for expensive equipment and low stability of current techniques. 
The mass spectrometer (MS) has principally been used for on-line 
detection and quantification of dissolved gases: 02, C02, N2, pH and 
CH4, and volatiles: alcohol, acetone and butanediol. Several authors have 
reported the application of MS for bioprocesses (Sandmeier et al:, 1987; 
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Rohner et al., 1988; Camelbeeck et al., 1988; Lioyd and Whitmore, 1988; 
Heinzle, 1992). Hayward et al., (1990) reported that MS was used to 
monitor and quantify the major products and the metabolites of Bacillus 
polymyxa and Klebsiella oxytoca fermentations. However, the application 
of on-line MS is exceptionally expensive and requires highly technical 
personnel both to operate the equipment and to interpret the results. 
Both liquid chromatography (LC) and gas chromatography (GC) have also 
been applied in many cases to off-line analyses of samples but the on-line 
application of the system are only recently developing. Groboillot et al. 
(1987) reported an application of GC for on-line monitoring of the kinetics 
of acetaldehyde, ethanol, fusel alcohol and C02. Comberbach and Bu'lock 
(1983) reported an on-line measurement of ethanol in the bioreactor head 
space every 6 minutes using an electropneumatic sampling system 
connected to a GC. HPLC systems were helpful in monitoring 
cephalosporin production (Holzhauer-Rieger et al., 1990) and p-cresol 
degradation (Smolenski and Sufiita, 1987). Schugerl et aI. (1991a) described 
the use of HPLC systems for the on-line monitoring of lactate, glucose, 
glutamine and penicillin. Other HPLC systems have also been reported to 
serve as the control during penicillin production (Millier et al., 1986), 3­
chlorobenzoate conversion (Schmidt, 1988) or naphthalenesulfonic acid 
reduction (Meschke et al., 1988). Generally, LC and GC techniques are 
expensive and require expertise to operate the equipments. 
Direct and continuous monitoring of fermentation substrate and/or 
product can also be performed by electrodes. The application of enzyme 
electrodes is very limited and has only been realised in a few cases so far 
(Merten, 1988; Geahel, et al., 1989; Renneberg, et al., 1991). Complications 
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encountered with enzyme electrodes are connected with their sterilisation, 
their possible dependence on the oxygen pressure within the bioreactor 
and the clogging of the protection membranes. Often the short linearity 
range of the enzyme response is unacceptable with the concentration 
range of the substrate/product in the medium (Arnold and Meyerhoff, 
1988; Karube et aI, 1989; Locher et aI, 1992). Finally, the biological part of 
enzyme electrodes may be inhibited by components of the process 
solution. These problems have directed research towards external 
continuously working analytical systems. 
1.8. On-line Sampling Devices 
On-line sampling and analysis can be important in fermentation 
processes. Compared with manual sampling, on-line techniques 
potentially require less human input, give greater protection against 
fermenter contamination and waste less sample. On-line sampling device 
should be able to separate cells in-situ without breaking the sterile barrier 
and supply supernatant to the analYSis system. The use of in situ 
biosensors in a fermenter has not proved widely popular because of the 
difficulty of preventing sensor fouling (Clarke, 1986; Luedi et al., 1992), 
and the difficulties of in situ sterilisation. To analyse substances in the 
broth, a fermenter sampling system must fulfil certain criteria: 
a) In situ sterilisation with steam must be possible. 

b) The filtration unit should be compact with a low dead volume, 

especially on the filtrate side, in order to get a quick response to 

concentration changes. 
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c) The system must be simple to maintain and connection to small or large 
fermenters should be possible. 

d) the flow in the filtration unit should prevent clogging of the filter (Garn 

et aI. 1989). 
On-line sampling systems have been reported in several papers and 
described in different types of aseptic sampling systems (Coppella, 1990; 
Oakley, 1990; Marshall et aI., 1990 and Strudsholm et aI., 1992). 
1.8.1. Sampling Devices Using Microfiltration 
Microfiltration is often used in fermentation technology. It is based on the 
pressure difference across the filtration membrane. The membranes used 
are made of a variety of materials, like nylon, propylene, 
acrylnitrilecopolymer, cellulose acetate, cellulose nitrate and 
polyvinylidenefluoride. They are available with different pore sizes, but 
normally membranes with a pore size of 0.2 J..1ln. are preferred because 
they guarantee the separation of the medium from the biomass and other 
suspended material. 
A steam-sterilisable filtration cell made of stainless steel has been 
developed by the Gesellschaft rur Biotechnologische Forschung (GBF) and 
B. Braun Melsungen AG (FRG) and has been commercialised as Biopem 
by FRG (Recktenwald et ai., 1985a,b). The cell is operated in a cross-flow 
mode with a Durapore HVLP membrane O.45J.lffi (Millipore). 
Forman et aI. (1991) reported a new design of tangential flow sampling 
23 

-

device. A 47 mm diameter hydrophilic membrane filter disc (0.2 J.lm 
Durapore, Millipor) is sandwiched between stainless steel plates. The 
recycle rate was 50 ml min-1 and the filtrate flow rates were 0.15 or 0.3 ml 
min-1. A similar disc-shaped micro filtration module which consists of 
stainless steel half-shells, with an inserted Durapore membrane (0.2J.lffi 
pores) has also been developed by Lenz et al. (1985), Ghoul et al. (1986); 
Garn et al. (1989). Kroner and Papamichael (1988) described a sampling 
device (BIOPEM) which is an autoclavable magnetically stirred filtration 
cell for the continuous aseptic separation of samples of fermentation 
media by dynamic filtration. All these devices have been subject to 
membrane blocking during fermentation. 
A rod shaped, stainless steel module, 5.5 mm in inner diameter, and a 200 
mm long, tubular polypropylene microfiltration membrane were used for 
on-line sampling of fermentation broth in a cross flow mode (Schmidt et 
al., 1986; Lorenz et al., 1987b). The dead volume of the module was 2.56 
ml. Parker et al. (1986) used a ceramic filter of 0.2 J.lID size for broth 
sampling. Microfiltration membranes are also available in the form of 
hollow propylene fibres with different diameters. Depending on the 
intended application the cartridges contain different numbers of hollow 
fibres. In accordance with the microfiltration principle the medium can be 
pumped at higher velocity through the hollow fibres then other materials. 
The hollow fibre filtration module was used by Lorenz et al. (1987b) for 
Zymomonas mobilis fermentations. The concentration of ammonium, 
phosphate and glucose were measured without any complications. 
Again, those filters have been shown to have a short life cycle due to 
membrane blocking and there are expensive. 
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1.8.2. Sampling Devices with Ultrafiltration 
Ultrafiltration and microfiltration differ in the properties of the 
membranes used. Microfiltration membranes are classified according to 
their pore size, while ultrafiltration membranes are classified according to 
their molecular weight cut-off. This technique is particularly useful for 
colloidal or proteinaceous liquid streams as well as larger particulate 
matter. The sampling device was applied to a Penicillium chrysogenum 
fermentation (Lorenz et al., 1987). Ogbomo et al. (1990) give a number of 
applications for using ultrafiltration of samples e.g. when analysing 
ethanol produced by Saccharomyces cerevisiae or in the analysis of glucose. 
Merbel et al. (1992) also reported an application of a hollow-fibre 
ultrafiltration module in fermentation. Filtration was performed by 
continuously pumping the fermentation broth with a Bio 200 Mk II (Bio­
Flo, Glasgow, UK) cross flow filtration system equipped with a peristaltic 
pump through a hollow-fibre UP module at a flow rate of 75 ml/min. The 
retentive sample was pumped back to the fermenter and the filtrate was 
transferred on-line to an HPLC system. To prevent external contamination 
of the fermentatio~ broth it was passed through a sterile barrier which 
consisted of a O.2J.1m mixed cellulose ester microfilter. 
1.8.3. Sampling Devices with Dialysis and Centrifuges 
By contrast with filtration the driving force for dialysis is a difference in 
the concentrations on the two sides of the membrane. The membranes are 
classified according to their molecular weight cut-off and dialysis is used 
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to separate even smaller particles than ultrafiltration devices. A number of 
sampling devices make use of dialysis, either on its own, or in conjunction 
with another technique. Bayer et al. (1986) has used microfiltration to 
remove cells from a sample stream and then dialysis to remove proteins. 
Niehoff et al. (1986) used dialysis to dilute and remove proteins from a 
sample already prepared by ultrafiltration. Mandenius et al. (1984) 
developed a dialysis probe for the determination of glucose. The 
membrane was placed at the front of the probe and membrane fouling 
was avoided by means of a rotational magnet driven by a motor inside the 
probe. Sampling devices using the dialysis principle can only be 
recommended for reactions in small vessels, where any decrease in the 
liquid volume can be avoided, and where cellulosic membranes will be 
stable. The applications of such devices have been limited due to their 
mechanical complicity, membrane blocking and cost. 
Turner et al. (1993) reported an application of the micro centrifuge for 
Escherichia coli fermentation on-line sampling. The sampling system used 
high speed centrifugation of a whole broth sample instead of filtration. 
The common problem of membrane blockage had been overcome. 
However the sampling device had to be sterilised before and after each 
sample to maintain a sterile barrier between the fermenter and its 
surroundings. The micro centrifuge was not as effective as a filtration 
device in removing solids. 
1.8.4. Ultrasonic Devices 
Particles or cells suspended in an ultrasonic standing wave can be rapidly 
26 

aggregated and separated by the two forces of ultrasound and gravity 
(Grundy et at 1993). Recently, the idea has been used to design a filter for 
separation of mammalian cells from culture medium by combining 
ultrasonic acoustic aggregation and gravity sedimentation (Trampler et aI, 
1994). Ultrasonic cell filtration provides a new technology for on-line 
mammalian cell sampling. It is robust, without moving parts, easily 
cleaned, has a long life cycle and is steam sterilisable, which makes it very 
suitable for on-line fermentation monitoring systems. The fouling 
problems of other systems are eliminated because acoustic separation 
does not depend on a physical barrier for cell separation. However, the 
applications of the ultrasonic filter are still in the research stage and so far 
limited to off-line separations. The filter has not been used in combination 
with an on-line fermentation system. The filter's separation efficiency and 
reliability have not been proved in the real fermentation environment 
with complicated control systems. Generally, ultrasonic filters have 
obvious technical advantages compared with other on-line filtration 
techniques. These include a long life cycle, lack of a physical barrier, 
simplicity and robustness. 
1.9. On-line Monitoring of Hybridoma Cell Culture 
On-line measurements in mammalian cell cultivation are usually limited 
to a few simple variables, typically the dissolved oxygen concentration 
and pH. Lack of adequate information hampers our understanding of 
these processes and makes the development of more advanced strategies 
for control difficult. Nevertheless, several studies have been published 
recently proposing various methods for on-line estimation of some 
27 

» 
important variables in mammalian cell cultures (Backer et aI, 1993; Hu and 
Oberg, 1990; Fernandez et aI, 1990; Konstantinov and Yoshida, 1992; 
Yamane, 1992 and Male et al., 1993). 
There have been several publications focusing on the on-line monitoring 
of mammalian cell numbers, a variable that is often considered a most 
informative parameter (Konstantinov and Yoshida, 1989; Hu and Peshwa, 
1991; Konstantinov and Yoshid, 1992). Kilburn et al. (1989) reported the 
use of acoustic resonance densitometry in the monitoring of the biomass 
in the cultivation of hybridomas and human lymphoma cells. The method 
was based on the linear relationship between the density of the sample 
and the square of its resonance period. In a long term cultivation, the 
sensor provided consistent results and stable behaviour, but its 
application was hampered by the requirement to pump out culture 
medium through an external cross-flow device. 
An on-line culture fluorescence sensor has also been used for mOnitoring 
the variable cell numbers in hybridoma cultivation (MacMichael et al., 
1987). The sensor response was reliable, but its sensitivity decreased at 
concentrations higher than 2.0x106 cells/ml. Due to the effect of various 
factors on the culture fluorescence (Hottiger and Bailey, 1991), the 
accuracy of the measurement was not high. 
Optical density (OD) sensors, which are very popular in microbial culture 
(Yamane, 1993 and Yamane, 1992), have not been applied to mammalian 
cell cultivation. It was suggested that this was probably due to their 
insufficient sensitivity. Konstantinov et al. (1992) reported an application 
of a laser probe to the on-line monitoring of hybddoma cell growth. But 
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the sensor does not have a consistent response in various cultivation 
conditions. Generally, a sophisticated and reliable sensor for the on-line 
monitoring of mammalian cell concentration has not been fully 
developed. 
The first attempt to control mammalian cell culture using enzyme sensors 
for glucose, lactate and glutamine was described by Romette and Cooney 
(1987), but the application was limited by the sensor's stability and un­
autoclavable characteristics. Generally, PIA systems have not been widely 
applied in mammalian cell cultures to the present. Van der Pol et al., 
(1992) reported using multichannel FIA systems to measure glucose and 
lactate. The analysis was based on the conversion of the compounds by 
immobilised dehydrogenase. The build up or consumption of NADH was 
measured with a fluorescence detector. An application of a 
dehydrogenase based FIA system for the control of industrial mammalian 
cell fermentation processes has also been described by Becker et al. (1993). 
The system was designed for the determination of glucose and lactate in 
the presence of pyruvate. However, the system is still in the research stage 
and the system stability has not been proved in the long term. 
Recently, several researchers have reported the application of a 
combination of flow injection and biosensors in mammalian cell 
fermentation control (Renneberg et aI., 1991; Hundeck et al., 1992; Cattaneo 
et al., 1992; Huang et al., 1993; Male et al., 1993). The undesirable 
characteristics of the enzyme sensors have been improved after 
integration into an PIA system, but the technical drawbacks of those 
sensors still need to be solved. 
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1.10. Summary 
Bioprocesses are generally insufficient controlled as on-line measurements 
of relevant biological variables are difficult (Locher et al., 1992). Reliable 
quantification of physical and (a few) chemical variables is usually 
possible, but the determination of biological conditions is very 
demanding, especially in mammalian cell culture, where measurement of 
.the important physiological parameters has usually been achieved by off­
line methods. Some sensors are available for on-line measurements, but 
the disadvantages such as short life, instability, on the fact that they 
cannot be autoclavable limits their application. It is expected that on-line 
process analysis will be extended to additional medium components by 
using FIA systems. However, some aspects of FIA systems still need to be 
improved to meet the requirements of the fermentation industry or 
laboratory research. There is limited flexibility in handling multiple 
analyses and reagents and injection timing control, which relates to 
system reproducibility. Additionally, current commercially available FlA 
systems are not designed for on-line fermentation monitoring, so 
complicated signal interface work between the fermentation system and 
the FIA instrument limits the application of the FlA. Thus a robust system 
combining FIA and fermentation control needs to be developed. 
Analytical instruments need to be made more intelligent by suitable 
software. On-line process analysis must be made more sophisticated by 
use of knowledge based evaluations of the measurements. The 
development of software for a single computer control, which has an easy­
to-use computer interface, will be beneficial both to biotechnological 
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research and to industry. Such a system can cut down unnecessary signal 
traffic and make the system more powerful and easier to set up and to 
operate. 
At present, on-line sampling systems have been described in many 
publications but some obstacles still remain The major disadvantage of 
those currently used devices in on-line sampling is clogging of the filter 
and tubing which causes inconvenience in on-line operation. Solids in the 
broth erode the tubing of the peristaltic pump and cause leakage and 
infection in the culture. Furthermore, slow recycle rates can cause cell 
damage and cells cannot be replaced during fermentation. Some systems 
have long response times and need high filtrate flow rates. In other cases, 
the volume of the sample is too high to allow the use of the system with 
small fermenters. So far, realistic on-line measurements of the substrates 
in fermentation broth, especially in mammalian cell culture has not been 
successful. Continuous filtration could not be achieved because of high 
viscosity and the slimy character of the broth. The principle of acoustic 
filtration has been introduced in the fermentation field, but a commercial 
device combined with an on-line monitoring system needs to be 
developed. 
Presently, the application of computer control is limited by the scarcity of 
reliable on-line sensors and measuring systems for monitoring key 
parameters in bioreactors. Advanced control techniques are being 
developed and have partly been applied in laboratories. However, they 
are not yet reliable enough for application to biotechnological production 
processes. More reliable and flexible systems need to be developed for 
both laboratory research and industrial practice. 
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The proposed research will therefore design a novel analytical system for 
on-line control and monitoring of bioprocesses. The system is based on a 
non-segmented gas driven FIA technique (Malcolme-Lawes and Pasquini, 
1988) with multi-operational channels. The design objective was to retain 
the advantages of FIA, while discarding those aspects of the technique 
which seem undesirable. The system is a fully automated process 
monitoring device for fermentation research. A new on-line, ultrasonic cell 
filter will be developed and used in the system to interface the PIA system 
and the fermenter. 
A high level programming language, Lab VIEW, will be used in 
programming and will rapidly interface signals between the PIA system 
and the computer. The system software will control all the fermentation 
devices, filter and FIA systems. Thus the system will enable us to do on­
line measurements and study the metabolism of mammalian cells and 
enzyme activities during fermentation. Again, this will enable in-situ 
assays to be made during growth and in transient conditions. Such a 
system should greatly enhance our knowledge of the fine tuning 
necessary for obtaining maximum yields of important metabolites in 
fermentation conditions and on a continuous basis. 
Generally, the system proposed will offer many advantages over those 
previously described: 
a). Itwill be simple, consisting only of valves and tubing. 
b). It will be driven by gas (He) which offers two advantages, lack of 
solubility in water, eliminating bubble formation with temperature 
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changes and an inert atmosphere, allowing the elimination of oxygen. 

Hence reagents containing specific enzymes remain stable for long 

periods. 

c). Valve opening and closing will be precise giving exactly repeatable 

injection volumes. 

d). On-line sample dilution will be performed automatically. 

e). Sample and reagent merging will be carried out empirically and whilst 

setting up an analytical procedure. Hence calculation of tubing length and 

diameters etc. is unnecessary. 

£). There will be application of ultrasonic techniques for on-line sampling, 

with no blockage and a longer working life than membrane based filters. 

g). Maintenance will be minimal. 

h). All control i.e. timing, switching, injection, analysis and data handling 

will be controlled by the computer through "virtual instrumentation". The 

programming language is versatile, robust and highly extensible and can 

be expanded by the operator if required. 
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Chapter 2. Design and Construction of the Computer 
Controlled On-line Fermentation Monitoring System 
2.1. Introduction 
In the field of fermentation, perhaps the most important key 
technology is in on-line monitoring and control. Typically on-line 
control systems can be found controlling temperatures, pH, oxygen and 
other conditions in fermentation processing. But our ability to control 
fermentation processes and products by feedback is limited by a lack of 
sophisticated sensing technology. However, the use of non-segmented 
flow injection analysis (FIA) in this capacity results in considerable 
improvement over conventional methods, especially when combined 
with high level computer control software. 
In this chapter, a new FIA system with four analysis channels and 
ultrasonic cell filter for on-line fermentation monitoring and control 
are described. The details of system construction and functions of 
computer control are given. The design objective was to retain the 
advantages of FIA, while discarding those aspects of the technique 
which seem undesirable. A new computer controlled valve switching 
system was used to permit the precise mixing of sample and reagents 
for selective reaction analysis. This analytical technique has been 
introduced into an on-line fermentation monitoring and control 
system in the current study. 
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The details of electronic connections of the system are presented in 
Appendix A. 
2.2. System Principle 
This is a fully automated multi-channel monitoring system for 
fermentation control research. The system is based on an FIA 
technique which is gas pressure driven, the carrier and reagents being 
controlled by computer switched solenoid valves (figure 2.1). The 
system is fully automated for fermentation process monitoring. The 
system control involves sequencing the operation of up to 32 12V 
digital outputs and 10 24V digital outputs or 240 V AC for starting or 
stopping pumps, instrument calibration, fermentation monitoring 
(such as temperature, pH, degree of agitation, oxygen concentration in 
the medium etc.) and control, statistical analysis and graphical 
representation of results. 
A simple outline of the control principle of the fermentation devices 
and FIA system are given in figure 2.2. The main detector in the system 
was a Philips PU8700 UV /Visible Spectrophotometer which was 
operated by the system computer, a Macintosh Quadra 950. A four 
channel FIA system was set up containing 19 solenoid valves, three 
pinch valves and two relays. The on-line sampling device and the on­
line heater were controlled by the computer. Oxygen and pH sensors 
were also linked to the computer via National Instruments interface 
cards. A newly designed ultrasonic cell filter was also used in the 
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system. The working principle of the device is to use ultrasonic power 
to separate cells and medium without any physical barrier. The 
clarified medium was pulled out by peristaltic pump in order to get 
supernatant for on-line analysis. 
Spectrophotometer 
Gas 
Time 
Figure 2.1. An example of a single channel FIA system and solenoid 
valve connections. The diagram shows its essential components: gas 
pressure unit (helium gas cylinder), electronically controlled solenoid 
valves, PTFE tubing zone (linear and coiled), detection system (flow­
cell and spectrophotometer). 
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Figure 2.1. A simple outline of the system control principal. The system computer controls FIA 
system (four channels), sampling device, on-line heater, oxygen meter and pH meter. 
FIAsystem Sampling 
device 
-

2.3. General Technical Specifications 
2.3.1. System Devices and Accessories 
An overview of the system hardware connections and main devices 
are shown in plate 2.1, 2.2 and 2.3 
The system power supply 
240V AC. 
Permenter 
A 3 litre spinner culture vessel (Cellon, UK) was used with a 2-flat­
blade turbine impeller. The vessel was placed in an temperature 
controlled incubator (LH fermentation Ltd, UK). 
Filter 
The ultrasonic cell filter (UCF) is made of stainless steel with a 13 m I 
adjustable chamber. The transducer (2.4 MHz, 0935/000, Morgan Matroc 
Ltd, Southampton, UK) is electrically driven with 36 V AC. The culture 
sample is pulled out by a peristaltic pump. 
Valves 
The 2-way (075T), 3-way (075T) and 6-way (OBOT) 12 VDC solenoid 
injection valves were manufactured by Bio-Chem, UK. 2-way pinch 
valves (225P022-21 NO) were from NR Co., UK. 
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FIA system 
Four parallel channels were operated by solenoid valves. Sample and 
reagents reservoirs were pressurised by helium gas. 
Heater 
The standard temperature control range was 360 to 380C. 
Pumps 
A peristaltic pump (Watson-Marlow, 101F, England) was used for 
periodic removal of a sample of the medium. 
Detectors 
A modified PHILIPS spectrophotometer (PU8700) was used and 
controlled by the system computer through an RS232 link. 
An oxygen meter (Oxygen 507, LH Fermentation) and a pH meter (pH 
Control 507, LH Fermentation) were installed in the system. The 
oxygen electrode used was a 30 em length sterilisable self polarising 
type (FBL-810-030E, Gallenkamp, UK). The sterilisable pH electrode 
(9816 Ingold, Swiss) is also 30 em in length and cover the range of 0 - 14. 
Input/output signals 
Phillips spectrophotometer: ASCn RS 232, 9600 baud rate, 8 bit data, 1 
stop bit, no parity, modern (serial) port, no software handshaking and 
no hardware handshaking. 
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Printer 
The computer communicates with an Epson EPL 7500 laser printer 
through a local network. 
Programming language 
A graphical language, Lab VIEW (Laboratory Virtual Instruments 
Engineering Workbench) version 2.2.1 (National Instruments Ltd., 
Newbury, UK) was used to develop the system control program. 
Computer and Interface 
The computer used was an Apple Macintosh Quadra 950 with a 300 
Mbytes hard disk and 20 Mb RAM. The signal interface was two NB­
MIO-16 boards (National Instruments, 1988) and an NB-DIO-24 board 
(National Instruments, 1988) as well as an in-house made interface 
box, which contains 10 boards and two connector panels. 
2.3.2. The Parameters Measured 
The system was designed for general on-line fermentation monitoring 
and control. For the current application of mammalian cell culture, the 
following seven parameters were measured: 
-Dissolved oxygen (00) 
-pH 
-Ammonia 
-Glucose 
-Lactate 
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-Lactate dehydrogenase (LDH) 
-Biomass (medium turbidity) 
2.3.3. Configurations of communication between computer and devices 
Both direct reading and recording configurations are available. The 
direct reading configuration provides bi-directional communication 
with an external terminal, enabling real-time data output as well as 
user interaction. The recording configuration contains a solid-state 
memory module with storage capacity of 250 Mbytes for long period 
monitoring applications and mass data collection. 
2.3.4. The Principle of Measurements 
For most of the biochemical parameters, the system is based on a 
precise measurement of the colorimetric reaction by a 
spectrophotometer. Biomass was determined by measuring the 
turbidity of a culture and cell free culture as a background. 
The system was equipped with electrodes for pH and oxygen 
measurements. 
2.3.5. Microprocessor 
The system was software controlled. A 12-bit microprocessor controls 
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data acquisition from the various sensors and spectrophotometer. The 
analog signals for Oxygen, pH, heater and spectrophotometer were 
converted by an NB-MIO-16 board (AID-converter). 
The computer performs continuous data averaging based on a pre-set 
sampling period and integration period. The maximum data 
acquisition rate on the NI-MIO-16 board was 45 KHz. 
2.4. Computer Signal Interface 
2.4.1. System Overview 
The system has been designed to provide ease of use through an 
interactive mode of operation. The system enables you to automate 
your operations and device control with tasks such as data setting, 
computation, analysis and retrieval when used in conjunction with 
the control computer. Figure 2.3 shows the principle of electronic pcb 
connections of the control system. 
The digital output interface box (DOIB) controls the sampling device, 
FIA system, Philips spectrophotometer and other fermentation control 
devices, such as pH, oxygen meters and heater. 
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Figure 2.3. A flow chart of hardware control principle. The system 
computer controls all devices through RS232, NI-DIO-24, NI-MIO-16(2) 
and DOlB. On-line data displays on the screen through NI-MIO-16(1) 
analog input channels. 
The various device and accessories communicate with the computer 
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via the two NB-MIO-16 and NB-DIO-24 boards, and the interface box. 
The computer also receives analog signals from pH, oxygen, heater and 
Phillips 8700 spectrophotometer via the NB-MIO-16(1). The computer 
communicates with the Philips 8700 spectrophotometer Z80 pcb 
through an RS-232C interface to control wavelength, slit width, sample 
size and sampling rate. 
2.4.2. General Descriptions of the NB-MIO-16 and NB-DIO-24 boards 
The NB-MIO-16 is a high performance multi-function analog, digital, 
and timing input/output (I/O) board for the Macintosh computer. It 
contains a 12-bit analog-to-digital (A/D) converter with up to 16 analog 
inputs, two 12-bit digital-to-analog (D/A) converters with voltage 
outputs, eight lines of TTL-compatible digital I/O, and three 16-bit 
counter / timer channels for timing input and output. Details of the 
functions and working principle see Appendix A. 
The NB-DIO-24 is a 24 bit parallel digital I/O interface for the Macintosh 
computer. An 8255A programmable peripheral interface (pPI)controls 
the 24 bits of digital I/O. The 8255A is very flexible and powerful when 
interfaced with peripheral equipment. It can operate in either a 
unidirectional or bi-directional mode. All digital I/O is through a 
standard 50-pin male connector. 
Devices connected to the two NB-MIO-16 and NB-DIO-24 board are 
shown in table 2.1. 
46 
;0 RM?4
," 
, 
Table 2.1. Devices connected to NB-MIO-16 (1), NB-MIO-16 (2) and NB­
DIO-24 
Board Pin Controlled device 
NB-MIO-16(1) 1 Spectrophotometer ground 
NB-MIO-16(1) 3 Spectrophotometer analog input 
NB-MIO-16(1) 7 pH meter analog input 
NB-MIO-16(1) 9 Oxygen meter analog input 
NB-MIO-16(1) 11 Heater analog input 
NB-MIO-16(2) 25 Channel 4 reagent, valve 15, 12 VDC 
NB-MIO-16(2) 27 Channel 4 reagent, valve 16, 12 VDC 
NB-DIO-24 1 Sample/waste, valve 18, 12 VDC 
NB-DIO-24 3 Helium gas, valve 17, 12 VDC 
NB-DIO-24 5 Filter loop, valve 19,24 VDC 
NB-DIO-24 7 Sample gate, valve 20, 24 VDC 
NB-DIO-24 9 Biomass gate valve 21, 24 VDe 
NB-DIO-24 11 Stirrer, 240 V AC 
NB-DIO-24 13 pH/Oxygen, 240 VAC 
NB-DIO-24 15 Filter pump, 240 V AC 
NB-DIO-24 17 Filter transducer relay, 240 VAC 
NB-DIO-24 19 Heater relay,240 VAC 
NB-DIO-24 21 Sample, valve 1, 12 VDC 
NB-DIO-24 23 Carrier, valve 2, 12 VDC 
NB-DIO-24 25 Channell, valve 3, 12 VDC 
NB-DIO-24 27 Channel 2, valve 4, 12 VDC 
NB-DIO-24 29 Channel 3, valve 5, 12 VDC 
NB-DIO-24 31 Channel 4, valve 6, 12 VDC 
NB-DIO-24 33 Biomass channel, valve 7, 12 VDC 
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NB-DIO-24 35 Channel 1 standard, valve 8, 12 VDC 
NB-DIO-24 37 Channell reagent, valve 9, 12 VDC 
NB-DIO-24 39 Channell reagent, valve 10, 12 VDC 
NB-DIO-24 41 Channel 2 standard, valve 11~ 12 VDC 
NB-DIO-24 43 Channel 2 reagent, valve 12, 12 VDC 
NB-DIO-24 45 Channel 3 standard, valve 13, 12 VDC 
NB-DIO-24 47 Channel 3 reagent, valve 14, 12 VDC 
2.5. Signal Interface between the National Instruments Boards and the 
Devices 
2.5.1. Digital Output Signals 
In order to control the FIA system, sampling device and all other 
accessories from the computer, a digital output signal interface (DOIB) is 
required. The DOIB was designed and made in the laboratory to control 
a total of 32 12 VDC digital outputs, 10 240 V AC digital output and 10 24 
VDC digital outputs by the computer. For details of the electronic 
connections see figure A-4 in Appendix A. The DOIB communicates 
with the computer (NB-MIO-16(2) and NB-DIO-24) through two 
standard 50-pin male connectors (SK.I1 and SK.I2). The DOIB drives all 
devices via 42 standard 2-way connectors (12 VDC and 24 VDC, SK.I12 
and SK.I24) and 10 snap-in sockets (240 VAC, SK.I240.0-9). The OOIB is 
divided into several circuit modules which are described in the 
following. 
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Adapter pcb 
This adapter pcb was designed for translating 50-pin connections from 
the National Instrument boards to a 34-pin in order to drive the 
distribution pcb. The circuit consists of two 50-pin connector to 
communicate with the computer and two standard 34-pin connectors to 
provide 32 qualified digital outputs (figure A-5). 5 VDC drives the board, 
which was from a power supply pcb. 
Distribu tion pcb 
This board was supplied by Biotech Instruments Ltd, Luton, UK (figure 
A-6). The working principle 6f the board is to receive digital onloff 
signals from the control computer and switch onloff each driver line. 
The 12 VDC power supply was supplied from the Power Supply pcb via 
SK.I10 to drive the board. SK.I9 and SK.I8 convey signals between this 
board and Connection pcb. 
IC 1 to 8 (16-pin quad transistor) and their supporting components, 
provide compatibility for signals between the interface and devices. 
The signal performance from the computer to the interface is when the 
input line goes low, the IC is triggered and switches the device on. In 
the contrary condition the device is switched off. 
Connection pcb 
The connection pcb provides 10 parallel lines to the key switch board 
before all 32 digital lines reach the connector (figure A-7). The 
communications between the board and devices were through SKI13 
and SK.I14, and two 20-way ribbon cables to 32 2-way connectors 
(SK.I12.0-31). 
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The Connectors pcb 
The connectors pcb provides a total of 52 plug-in connectors for driving 
different devices in the system. They were located in the front of the 
DOIB. A 5 A fuse was fixed for each individual positive line. Diode 
protection was designed for each of the 12 VDC 2-way connectors 
(figure A-B). 
For details of connections of this board see table C-l in Appendix C. The 
first 10 of the 32 12 VDC connectors were generally reserved for system 
accessories controls. Two relays were used to switch onloff the 
ultrasonic transducer (No.8) and on-line heater (No.9). Output No. 10 
to 25 were connected with the solenoid valves of the FIA system. 
Number 10 and 11 were connected with the sample valve and carrier 
valve. No. 12 to 15 were connected with the channel switching valves 
of the four channels of the FIA system respectively. 
10 24 VDC 2-way connectors (SK.I24.0-9) were designed for 24 V pinch 
valve connections and different power requirements. Three output 
was connected with pinch valves of V19, V20 and V21 in the system. 10 
snap-in 240 VAC sockets (SK.I240.0-9) can also be connected with any 
mains requirements of the accessories. In the system, pH meter, oxygen 
meter, electric heater and filter loop pump were connected with those 
outputs. 
Key Switch pcb 
Ten identical Key Switch circuits located on five boards (Key Switch 
pcb) were made and fixed into the DOIB. The Key Switch pcb was 
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designed to extend the control ability of the first 10 of the 32 digital 
lines. Each Key switch board switches on/off 12 VDC, 24 VDC and 240 
VAC connectors simultaneously. Thus the 10 Key switch boards can 
control a maximum of 30 devices. 12 VDC comes from the connection 
pcb via SK.I19. When the circuit is turned on, T1 is triggered and 
switches the 24 VDC connector on. At the same time, the signal 
transmitted by the optical isolation IC, whose internal transistor 
combines with T2 to switch the mains on. By the reverse, the 24 VDC 
and mains are turned off (figure A-9). 
The 10 PCBs also control 10 green LED indicators on the front panel of 
the DOIB in order to give a direct indication of the working status of the 
controlled devices. The 30 Key Switch pcb connectors were mainly set up 
for the control of main devices of the system, such as pH, oxygen, heater 
and transducer etc. 
2.6. The Sampling System 
2.6.1. The Filter Configuration 
The ultrasonic technology was applied into the system for the periodic 
removal of a sample of the mammalian cell culture and accomplished 
without breaching the sterile integrity of the vessel. The modified 
ultrasonic filter employs an ultrasonic resonance field generated by 
solid-state transducers to cause cellular aggregation with no physical 
filter surface. Use of high-efficiency solid state transducers with an 
automatically tuned frequency generator yields reliable long-term 
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operation (Trampler et al., 1994). 
The filter body was designed for mammalian cell culture application. It 
is made of stainless steel with a 13 ml adjustable chamber (figure 2.4). 
The transducer and reflector were sufficiently parallel to produce high 
quality resonance fields. The device was designed for fitting vertically 
onto the top of a fermenter and was made in the University workshop 
(figure 2.5). The ultrasonic transducer itself is located on the side of the 
resonating chamber. When the sampling procedure is started, the 
medium containing the cells is pulled into the resonance distance of 35 
mm. The ultrasonic waves force the cell to align vertically, then 
aggregate and settle back into the fermenter by gravity. The clarified 
medium/supernatant was pumped into a sample bottle through the 
sample gate V20 for on-line analysis. 
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Figure 2.4. Mechanical diagram of the filter. 1. filter chamber, 2. 
adjustable reflector, 3. transducer, 4. culture medium outlet tube, 5. 
culture medium inlet and cells settling tube. 
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Figure 2.5. Layout of filter connection with fermenter 
2.6.2. Sampling Operation 
The electronic connections for the sampling device are described in 

figure 2.6. The ultrasonic transducer power supply was connected with 

connector 8 of SK.I12.0-31 through a 12 VDC relay. V19 (filter loop 

control), V20 (sampling control) and V21 (biomass control) were 

controlled through SK.I24.0-9. VI7 (helium gas control) and VIS 

(sample/waste control) were controlled through SK.I12.0-31. A 

peristaltic pump was also controlled through SK.I12.0-31. 

The sampling procedure was as follows: 

a). The peristaltic pump (P) is switched on for 5 minutes with a speed of 

O.5l/h. 

b). The ultrasonic transducer is switched on. The supernatant and cells 
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are separated. Previous supernatant in the pathway tube is removed by 

pulling out the clarified medium through the Common and normally 

close pathway of V18 to waste for 20 seconds. 

c). The normally open gate of the Vl8 then opens and pulls out the 

supernatant to the sampling bottle for 60 seconds (5 ml). 

d). The open gas system is switched by V17. 

e). FIA operations are then carried out. 

£). The PIA Channell gate (figure 2.16) then opens to push the spare 

samples out to the waste 

g). finally V17 shuts down gas. 

12 VDC SK.112.0-31 24 VDC SK.I24.0-9 
m,'b:;d Sample bottle 
12VDC 
Waste Relay 
Fermenter 240 V36VAC 
.............
1.!:::==============tTransducerPCB 1------' 
Figure 2.6. Block diagram of filter system connections 
55 
,. 
2.7. FIA System and Biomass Channel 
2.7.1. Control Valves 
Carrier, reagent and sample flows were controlled using solenoid valves 
that were connected together as a manifold using 1.59 mm 00, 0.5 m m 
ill Teflon tubing. Bio-Chem valves controlled by 12v DC logic levels 
were used in this system. An example of the structure of a three way 
valve is shown in figure 2.7. The operation consists essentially of closing 
one of the two pathways between the common (C) and the others, 
normally open (NO) and normally close (NC). The NO channel is open 
unless current passes through the solenoid, in which case the actuator 
moves to the right, closing the NO channel and leaving the NC channel 
open. 
Normally closed(NC) Normally open(NO) 
Figure 2.7. Structure of the Bio-Chem solenoid valve 
The operational principle of the 24 VDC pinch valve is to switch onloff 
the powerful shutter by computer to open or close soft silicon tubing. 
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2.7.2. The PIA System 
A four-channel FIA system was designed for fermentation on-line 
monitoring. The operation sequence is from channell to channel 4. 
The sequence can be changed by software programming to any order. 
For details of the setting methods see Chapter 3. 
An example of the single FIA channel principle of operation is shown 
in figure 2.8. The working sequence is as follows: 
Step 1: Injection of carrier with carrier valve on, sample and reagent 
valves off. This is for clearing the tube and to obtain a detector base line 
reading. 
Step 2: Switching on the sample valve to inject sample into the tube 
with the carrier and reagent valves off. 
Step 3: Injecting the reagent into arriving sample pellet with the carrier 
and sample valves off. 
Step 4: After a pre-defined reaction time (stopped flow if necessary), the 
carrier valve is switched on again to push the coloured material toward 
the detector (spectrophotometer) and the results are read. 
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Step 1: Injecting carrier with sample and reagent valves off 
---.... 
Spectrophotometer 
Waste 
Step 2: Injecting sample with carrier and reagent valves off 
-­ g 
Step 3: Injecting reagent into sample pellet with carrier and samplevalves off. 
Spectrophotometer 
Waste 
Step 4: Carrier is injected again to push the coloured material toward 
to the spectrophotometer for measurements and clean the tube. 
Figure 2.8. The principle of a single channel PIA operation 
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The valve manifold and electronic connections are shown in figure 2.9 
and 2.10. Four parallel FIA channels, one biomass measurement 
channel and two electrodes for pH and Oxygen measurements were set 
up in this system. Each channel has an standard injection valve that is 
used for on-line quality control purposes and one/two reagent valve(s). 
The channels 1, 2, 3 arid 4 were set up for ammonia, glucose, lactate and 
LDH analysis respectively. The system has been designed for a high 
flexibility, which means it is always possible to install more valves, 
reorganise the channels, and even set up more channels if required. 
All connections between the computer and valves are through 
SK.I12.0-31. The signal interface is addressable, so that any of the 
interfaces can be operated independently. The interface circuitry 
handled the switching of the 18 solenoid valves (12 VDC) and 3 pinch 
valves(24VDC). 
The 8 way connector, which is located at the front of the four channels, 
is a manually controlled device and can be pre-set on/off for each 
channel before running the FIA system. A six way valve was used in 
the system to direct each channel. 
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Gas inlet V7 1 . 1 VS V9 V10 Charmel I 

Fermenter 
N C I 
NC 
V20 VIS 
Sample 
bottle 
VI V2 
C NO 
NC 
Carrier 
Waste Spectrophotometer 
Figure 2.9. Four-channel FIA system flow chart. The graph shows 
connections between FIA and entire fermentation monitoring system. 
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2.7.3. On-line Electrical Heater 
The heater was designed to maintain the reaction tube at the desired 
temperature of 37oC. An RS cartridge heater was used in the heater, 
which is 2 inches in length and with a 50 watt power consumption. It 
was installed in the centre hole of a round shaped block which was 
made of aluminium. The cartridge was a close fit into the hole and 
results in a fast heat transfer to the surrounding material (figure 2.11). 
The computer switches the heater through a 240 VAC relay. The 
LM35DZ is a three-terminal integrated circuit temperature sensor 
giving a linear voltage output of 10 m V per degree centigrade. The 
operational range is from DoC to 100oC. The analog signals were 
connected to the NB-MIO-16(1). 
240VAC 
SKI240.D-9 
SKHI 
Figure 2.11. Block diagram of electrical heater 
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2.7.4. Biomass Channel 
An independent channel for biomass measurement was designed and 
controlled by the system computer (figure 2.12). The measurement was 
based on the determination of culture turbidity. The channel was 
operated after the FIA operation. The sample was pulled out from the 
fermenter by the peristaltic pump with the biomass gate (V21) open, 
filter loop gate and sample gate closed. The ultrasonic transducer is 
switched off. 
SK.I12.0-31 
V20 
r-Q)-..,e--~ ToFIA 
-e-J-e--~O ~-- ..... 
..-.....~~ V19 V21 C To FlA channell 
Helium gas 	 - - - Flow line 
-- Electronic line 
Fermenter Carrier 
Figure 2.12. Biomass channel flow chart 
The culture sample passes through the pathway between the common 
(C) and normally open (NO) of valve V7 via a pre set channel 
(Channell) and goes to the spectrophotometer for turbidity 
measurement at 575 nm (Nielsen et al., 1990). After stable data had 
been collected (about 20 seconds), V7 was switched from the NO to NC 
position to clean the system by carrier for about 20 seconds. Finally, the 
biomass gate was shut and V7 turned back to its original position. 
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2.8. The Philips PU8700 Spectrophotometer 
2.8.1. System Description 
The Philips PU8700 Spectrophotometer is a single beam instrument 
which measures either absorbance or transmission in the wavelength 
range of 190 to 900 nm. 
The instrument consists of two main systems, i.e. the applications 
system with overall control of the whole instrument and its accessories 
and serial links, and the spectrophotometer system which controls the 
various drives used to make the spectrophotometer scan in order to 
produce a spectrum of transmittance or absorbance over a wavelength 
range, or single results at a particular wavelength. The two systems of 
the instrument mainly consist of processor boards, one for the 
applications section and one for the control section. The application 
section uses a 68008 Processor board and the spectrophotometer section 
uses a Z80A Processor board. The two processors communicate with 
each other via the 'Spectra' RS-232-C link. 
In order to operate the Philips spectrophotometer with the system 
computer, the RS-232-C link between the boards was disconnected and 
linked to the serial port of the Macintosh computer (Quadra 950). The 
new connection is through the Quadra 950 serial port. Thus, the 
computer is able to communicate with the Z80A processor board 
through the RS-232-C interface and synchronise all processes. The raw 
optical analog signals are sent out from the Z80 board and processed via 
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the NB-MIO-16(1) to the system computer. The results are shown on 
the front panel of the system program. 
The Instrument Control pcb provides the main control for the 
spectrophotometer and controls the motor drive for wavelength, 
chopper, filter, self test, slit drive and wavelength drive. The 
deuterium and halogen lamps are also controlled by the zao board. 
However, with the new connection, all the above are driven by the 
system computer. 
2.8.2. Optics and Sample Compartment 
The lamp house has two light sources: a deuterium lamp, used over 
the wavelength range 190-325 nm, and a quartz halogen lamp, used to 
cover the range 325-900 nm. Light entering the Monochromator 
through the entrance slit is collimated by a mirror into a parallel beam 
which impinges on the grating. The entrance and exit slits are fixed 
slits 0.43 mm wide, giving a bandwidth of 2.0 nm. 
A modified HPLC flow-cell (CEOL Instruments Ltd, 2112) was fixed in 
the sample compartment of the spectrophotometer. The cell has 20 Jll 
(r=0.8 mm) volume and a 10 mm path length and is made of stainless 
steel with quarts windows (figure 2.13). The connection to the flow-cell 
is via 0.5 mm ID Teflon tubing. 
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OUtlet Tube fitting 
Cell body 
Window 
End plug 
p.t.f.e. washer 
Inlet 
Figure 2.13. Exploded view of flow-cell 
2.9. pH and Oxygen 
2.9.1. pH Control 
The pH meter, with a 30 em length sterilisable electrode, provides 
complete pH control/monitoring facilities for the system fermenter. It 
provides control over the range 0 to 14 pH to an accuracy of 0.1 pH and 
with a fluctuation of 0.1 pH or less. It also has two set points which are 
independently adjustable and which can control built-in acid and base 
supply pumps. 
The connection between the computer and the pH controller is 
through a three pins socket on the rear of the controller. The analog 
linear output signal is in the range of 0 - SV. The linear output signal 
equation is described in the pH Control section of Chapter 4. 
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2.9.2. Oxygen Control 
This oxygen meter (Oxygen 507, LH Fermentation) was installed in the 
system to monitor the growth conditions of the cells. The meter has 
ranges of 0 - 20% and 0 - 100% where 100% corresponds to the 
saturation oxygen content of the culture medium in equilibrium with 
air at the temperature of the electrode. The 0 - 5 V output connection 
with computer is linked in the same way as the pH controller. 
2.10. Summary 
A fully automated process control, monitoring and analytical system 
has been built. At current configuration, the system controls up to 
seven channels for the measurements of ammonia, glucose, lactate, 
LDH, biomass, pH and oxygen. The system can be divided into six main 
parts, a four-channel FIA system, an on-line sampling system, a 
spectrophotometer, pH, Oxygen controllers and on-line heater. 
National Instruments boards were installed for signal interfacing. 
Through the in house made DOIB, the system control involves 
manipulating of up to 18 individual solenoid (12V) valves and 3 pinch 
valves (24V) and has the potential for connection to 32 12V, 10 24V and 
10 240 V AC outputs. 22 boards were installed in the hardware for the 
system signal interface. In all a total of 17 boards were made in the 
laboratory. 
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Ultrasonic cell filtration provides a new technology for the separation 
of mammalian cells from the culture medium. The filter chamber is 
robust, adjustable, without physical barriers, easily cleaned and the 
whole device is autoclavable. 
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Chapter 3. Architecture and Features of The System Program 

3.1. Introduction 
In the passed few years, much attention has been paid to developing 
computer control software to couple with on-line sampling, PIA control 
and fermentation data handling (Kilburn, 1989; Hardwicke et aI, 1991; 
Dahhou, 1991; Kwong, 1992; Hosobuchi, 1993). Most of the commercial 
packages available are only suitable for simple signal control or are too 
complex, expensive, have little flexibility and are not reliable enough for 
applications in fermentation process control (Schiigerl, 1992). They do not 
always satisfy the requirements of bioprocess scientists and are frequently 
unable to be extended for a variety of research demands. Intelligent 
fermentation process control requires sophisticated sampling, sample 
preparation, intermittent calibration and washing or regeneration cycles, 
as well as variable dilution, injections, signal conditioning/ conversion and 
data processing and evaluation. Such sophisticated on-line monitoring 
and control systems have not, until know, been available. 
In this chapter the details of the structure, functionality and characteristics 
of the system control software are described. The software details are 
given in Appendix B. 
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3.2. The Architecture of the System Software 
3.2.1. Software Design Criteria and Process Description 
The basic targets for the system control program were set down as 

follows: 

a). A high-performance system for both user interface response and on­

line fermentation monitoring and control. 

b). A modular expansion capability whilst maintaining speed of 

performance. 

c). A structured software design for the operation of on-line sample 

withdrawal, a multi-channel FIA analytical system and a 

spectrophotometer as well as other fermentation accessories. 

d). The use of commonly accepted hardware and software standards. 

e). The ability to export data to other programs must also be possible to 

enable subsequent analysis of results. 

The control system supervises the operation of the fermenter, the on-line 

sampling device, multi-channel FIA analytical system and collects data in 

a pre-set period for each fermentation. The main process operations for 

setting up the outline are: 

a). Preparation, which involves heating the vessel toa desired 

temperature and filling with medium into the vessel. 

b). The setting up of the instruments, e.g. pH meter, oxygen meter" heater, 

spectrophotometer, sample interval and sampling numbers. 

c). Setting up the analytical channels (up to seven channels) and FIA 

injection clocks. 
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d). Starting the fermentation 
e). Then operating the on-line sampling system. 
£). Measuring important variables such as pH, oxygen, biomass, glucose 
and so on. 
3.2.2. System Architecture 
The functions and architecture of the system control software is 
represented in figure 3.1. There were two interfaces in the system: human 
to machine interface and machine to machine interface (i.e. 
intercommunication interface). The human to machine interface is 
achieved by simulated instrument operational panel. The machine to 
machine interface is performed by National Instruments interface boards 
(NI-MIO-16 and NI DIO-24). All these duties were handled efficiently in 
the Lab VIEW multitasking operation system environment. 
The user interface was based on LabVIEW controls and indicators that 
give the user an excellent interaction with the system process status and 
graphical information and the changing trends in fermenter operation. All 
the controls simulate a real instrument input device and supply data to a 
VI. Indicators simulate instrument output devices that display data 
generated by a VI. The interface panel initiated commands via the inter­
task queues to the control devices and the FlA. The panel also displays 
status data required for presentation to the user. 
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Figure 3.1. The functions and architecture 
of the system control program 
LabVIEW device driver software handles communication with all devices 
(i.e. detectors, fermenter and valves) through the data acquisition (DAQ) 
boards and serial port in this system. The operation was on a master-slave 
protocol, where the system computer (Macintosh Quadra 950) was the 
master. The master controls the devices in turn, sending commands and 
receiving changes in process status data. The signal analysis and 
calculation were also carried our during the data process. 
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Data was displayed on charts or graphs in an user-defined buffer size. At 
the same time, all data was saved on the hard disk in pre-named files. All 
data could be accessed to other application programs (MSW, EXCEL etc. ) 
for further data analysis and report output. 
3.3. The Function and Arithmetic Mode of the Main Control Programme 
and Sub-icons 
3.3.1. Main Control Programme 
In order to make the program easy to operate and be user friendly, all the 
system main controls and setting buttons were designed on a single panel, 
which means there was no complicated turning of pagees and little 
training was needed for user (figure 3.2). Figure 3.3 a and b shows the 
basic working sequence of the structure of the main program. Generally, 
the main operation of the program was controlled by a LabVIEW For 
Loop 0 . The FL-O contains three sub-operating loops: standard sample 
analysis, sample analysis and constant pH and oxygen monitoring. 
In order to display the system performance status during the system 
operation, some Lab VIEW global variable sub-icons were used to transfer 
the Boolean signals. The signal transfers were performed inside of the 
Sequence Structure 2.0 between two While Loops. One has a gene.ral 
global control sub-icon and one contains all the rest of the sub~k()ns. A 
Starter sub-icon plays the role of the main fermentation device control 
and carries out spectrophotometer initialisation. The device control duty
.. 
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Figure 3.3a. Flow chart for the main program 
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b 

Figure 3.3bo Flow chart for the main program 
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includes switching on the fermenter stirrer, pH controller and oxygen 
controller. The initialisation for the spectrophotometer was through the 
Serial Port Initialisation, Serial Port Write and Serial Port Read. 
The Sampling system sub-icon was called to operate the entire on-line 
sampling system in a programmed sequence, which includes operation of 
three pinch valves and switching on/off the filter. All the operations were 
through the Lab VIEW driver software DIG-Out-Line. 
In the next location the For Loop input value were checked to determine 
whether the program goes to the next step (input value ~ 1) for standard 
sample analysis or goes to a sample analysis loop. If the input value is ~ 1, 
the program goes to a standard sample analysis sequence which contains 
the operations and measurements for four channels. Before each channel 
is operated, the true (T) or false (F) judgement has to be justified, which 
can be pre-set through the front panel Boolean control and performed by 
the Lab VIEW Case Structure. The process steps through from channell to 
4. All the data was saved on the hard disk at the end of each sequence 
loop. Two kinds of files were created by the program: a LabVIEW file and 
an EXCEL file and all information could be appended to an already 
existing file or by written over it. When all subjects have been processed, 
the program follows the flow going to the next loop. 
Four Channel operation sub-icons (the 1st to 4th Channel) and four 
measurement sub-icons (Channel 1 measurement to 4) were separately 
located in eight levels of Sequence Structures in the following order: 
The first channel (0) 
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Channell measurement (1) 
The second channel (2) 
Channel 2 measurement (3) 
The third channel (4) 
Channel 3 measurement (5) 
Thefourth channel (6) 
Channel 4 measurement (7) 
Before each channel measurement sub-icon was called, an internal clock 
was activated according to pre-set stopped flow time. The last Sequence 
Structure contains the LabVIEW Bundle tool (assembles all the individual 
input components into a signal duster) for four parameters display. 
The sample analysis loop was constructed in a Sequence Structure. The 
operation procedure for the four FIA channels was the same as the 
standard sample analysis. The close sampling system sub-icon was located 
in Sequence Structure 8 of FLO.2. and called after FIA operation. Biomass 
(Sequence Structure 9), pH (Sequence Structure 10), Oxygen (Sequence 
Structure 11) icons were operated in sequentially in FL 0.2. Before each 
sub-icon is called, a T or F option were also given and operated through 
the Case Structure. All data are saved in the same way as standard 
sample analysis in Lab VIEW files and EXCEL files. 
Finally, the End sub-icon is called for shutting down fermenter stirrer, pH 
and Oxygen controllers. 
78 

3.3.2. Configuration Sub-icons for Lab VIEW signal interface cards 
Two NI-DAQ configuration drivers were used in this application, 
DIG_PrCConfig and AI_Config (National Instruments, 1992). The 
DIG_Prt_Config VI configures the specified digital port direction (input or 
output) and handshake mode. For the NB-DIO-24 board used in this 
study, three ports of PA (0), PB (1) and PC (2) were configured for digital 
output (T). Each port contains eight digital lines, so in total 24 digital lines 
were driven to manipulate the external devices in the no-handshaking 
mode (F). Figure 3.4 shows an example of a DIG_Prt_Config connection 
for port P A (0). 
Slot number(DIO-24)1 
5 
IPort AI I 
[0 IOIO~IO ~•• PRY 
Output CONnG INo-handshakingl 
0" .~~~~~.! I 
Figure 3.4. The connection of digital I/O port configuration driver 
ACConfig VI performed as an analog input configuration for the system 
which collects the analog signals from the spectrophotometer, pH 
electrode and oxygen electrode and heater. The driver was addressed to 
the NI-MIO-16 board (1) with a 0 - 10 voltage input range. The input mode 
was defined as a single-ended (T) and a unipolar operation (figure 3.5). 
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ISlot number(MIO-16)1 
CONfIG 
'UniPolarl 
0'" 
Figure 3.5. The connection of analog input configuration driver 
3.3.3. Channel Operation Sub-icons 
Four Channel operation sub-icons were designed for the FIA system, which 
can be operated in a programmable order for on-line analysis. The sub­
icons were designed as a module to be used for both the standard analysis 
loop and sample analysis loop in the system. The four channel operation 
sub-icons were designed on the same operational principle and control 
mechanism except that these controlled different digital output lines. The 
main function of the sub-icon was to switch the channel onloff I collecting 
base line data, as well as controlling the standard or sample injection 
valves. 
Figure 3.6 shows The first channel sub-icon front panel and connections 
with the upper level program as an example. All the parameters on the left 
hand side of the connector were numeric or Boolean inputs. They were 
directly controlled by the main program and included the 
spectrophotometer setting, valves timing and channel wash time. 
The Boolean control of the Standard/Sample was pre-programmed in the 
main program according to its applications. An array type of reference 
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data output goes to channel 1 measurement sub-icons for the absorbance 
calcula tions. 
Eight levels of Sequence Structure were built for channel operation. All 
digital output lines were driven by NI-DAQ software called 
DIG_GUT_Line. The VI sets or clears the specified digital output line in 
the specified digital port in order to control channels on/off and some 
applications (figure 3.7). The flow chart of the channel operation sub-icon 
are shown in figure 3.8. 
After the sub-icon is called, the first command is to call the Philips sub­
icon to reset the wavelength for the application. The next location is to 
switch the channel on, which sets the DIG_GUT_Line driver state to F 
(Logical low, switch on the valve), inject carrier and wait for the washing 
time. After the pre-set washing time, the system switches the carrier line 
off (State in T,logical high) and calls the Philips sub-icon again to collect 
reference data for 2 seconds. 
In the following level, an option was given to select standard a or the 
sample operation sub-icon. In the standard analysis loop, the Case 
Structure was pre-set in the F case and in the T case for the sample 
analysis loop. Finally, the channel control valve (State in T, logical high) is 
switched off and control is shifted to the main program. 
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" 
IWavelengthI IYtashing time I Channell valves tim;nqj 

lilo.oo I I*lo I IStandard .2 0.00 

Isamplel v 0.00 

ISample sizeI ISlot number I 
 ICarrier .2 0.00
lilo I 1*10 I lReagent 1 ~ 
0.00 
IReagent 21 ~ 0.00 IWavelength intervalI 
(ID"O :1 
IStandard I sampleI IReferenoe dataI 
ISlit 'WidthI 
 [jJ [~Il 11::: 00 il
mlo I 
Standard/sample .......................................~ 

Channell valves timlng i 

W~~~;~3~b~~ I::::. 
Wavelength ---r~...,
Sample Slze ---I '11._'­
Wavelength lnterval .......,

Slit 'Width Referen(:e data 
Figure 3.6. Front panels and connector description 
of the first channel sub-icon 
Figure 3.7. The connection of DIG_OUT_Line driver for channell 
operation sub-icon 
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Slot number(DfO-24) 
5 
~ 
'------II·{ 01 
-Figure 3.8. The flow chart of the Channell measurement sub-icon 
3.3.4. Measurement Sub-icons 
There are four FIA measurement sub-icons in the system. Channel 1 ~ 3 

measurement sub-icons have the same operation procedure. Channel 4 
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14 :we 
was designed for lactate dehydrogenase measurement which has a 
different operational principle. Figure 3.9 and 3.10 show the Channell 
measurement sub-icon front panels and connections, and the icon structure 
as an example. 
The main function of this sub-icon is to calculate the absorbance signals, 
then work out the sample or standard concentrations. All 
spectrophotometer setting commands were sent by the main program 
through the connector and the sub-icon returns all concentration and 
absorbance information to the main program. 
An on-line sample dilution function was designed for each channel 
measurement sub-icon. The principle of the dilution operation is to set the 
program to pick up the absorbance signal on the tail side of the 
absorbance peak. This means that the reading, which is usually obtained 
from the peak maximum, may be replaced by the reading collected at any 
other section of the peak with exactly the same delay time after injection 
(Ruzicka and Hansen, 1988). This function gives a flexibility to cope with a 
wide variety of parameters and variable data ranges in fermentation 
mOnitoring and control. 
The operational procedure of the measurement sub-icon involved channel 
valve switch on, carrier injection, calling the spectrophotometer sub-icon 
and collecting absorbance data. After the channel and carrier valves are 
switched off, absorbance and concentration calculation are carried out 
FinallyI the results are sent to the main control program storage and 
display. 
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~ E ~ 0.40 
= 
L,:;1::::.:":::.::::'::::::==::':'::'::::'::::.:!:.:.:::::'=::':':::::'::::'::':'=~::':::::::.:::.:::::::::::::::::.:::;::::.:::;.:::.:::.:.:.:::.:::.:.:.::.:.:.::::.:::.:::.:.:.:::.:::.:.:==r1 0.00 
-312 0 
IW.avelengthl IDilution ratel IAbsorbance I 
mo.oo I @2 U 
ISample sizel Absorbance peakI 
mo I 10.000 n IReference data inputI 
I'w'avelength intervalI IConcentration outputl 
10.00muo I 0 
IS1it width I IS.ample diluUonl IYrite slop and interc..,t in 
IV=0.012X+0.117000 n ~ 
'w'ave length 
Sample SlZe- I I 
Wavelength interval Concentration output
Slit 'Width M-l 
Reference- data input Absorbance 
Same1e- dilution ......................~ I 
Dl1ution rate-
Figure 3.9. Front panels and connector deSCription of Channel 1 
measurement sub-icon 
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0.20 
Figure 3.10. The flow chart of Channell measurement sub-icon 
The Channel 4 measurement sub-icon was designed for Lactate 
dehydrogenase (LDH) analysis (figure 3.11). The reaction is a ti.me based 
enzymatic measurementl so a For loop was constructed withirl. the icon to 
repeatedly test the reaction changes. 8 cycles were pre-programmed for 
obtaining a linear reaction response. The reaction and temperature 
correction are variable and need to be set before the experiment is started. 
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MMt IJM,. 
8N 
Figure 3.11. The flow chart of Channel 4 measurement sub-icon 
After the loop operation, the maximum and minimum absorbance are 
transferred to Case Structure 1 for the LDH activity (units/ml/ml) 
calculation. 
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3.3.5. Global Variables VIs 
A global variable sub-icon in the system is a special type of VI that 
performs passing of Boolean data between VIs without wiring and 
connections. 24 global variable VIs were built to indicate control units, the 
sampling system, channel operations and sampling operations. All the 
global variables were built in pairs, one formatted as an information write 
located in a certain position of each sub-iconJ another as a read located in 
the General global control sub-icon. 
Figure 3.12 shows the working principle of a global variable sub-icon for 
pH measurement as an example. The mode switch of global variable sub­
iconJ which located in the pH operation loop of the main program, was 
pre-formatted to True (write). A same type of global variable located in the 
General global control sub-icon was pre-formatted to False (read). Whilst 
the main program was running, the both global variable sub-icon were 
activated and the Boolean signal was transferred from pH operation sub­
icon to General global control sub-icon. The operation status was displayed 
on the front panel. 
3.3.6. Detector Control Sub-icons 
The PU8700-detector sub-icon was built for the manipulation of the 
spectrophotometer. Whilst the sub-icon is called the program 
communicates with the 280 PCB on the spectrophotometer. The progr.am 
flow chart is shown in figure 3.13. 
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Ivalidl 
············..··············~V ... ......Imodel IvalidI ... i..:!,.,/.......................... _ II TF II 

~I~writel 0 ~i ffieread Icm~·..·1 mJI ~ ; BELIT/FI 
-v:........................~::::.~::.::::::::::::::.:::~ A ......~ 

.. OJ lQ]= 
Front Panel Block Diagram 
Figure 3.12. Global variable sub-icon for pH measurement indication 
In the program, a strict master-slave mechanism was used. The computer 
does not send the next command before the reply to the previous 
command is returned. Most of the parameters can be set-up on the front 
panel. Scan and fixed wavelengths can also be selected in the range of 
wavelength 190 - 900 nm. 
3.3.7. Valve Operation Sub-icons 
In total, eight valve operation sub-icons were built. They manipulate the 
standard injection and sample injection. Each valve was driven by a 
digital out put line driver: DIG_Out_Line. They were all set on the 
specified digital output line of the specified digital port. The sub-icon 
works in sequence according to the injection mode. An inner clock was set 
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gel, 
Tum 
(when the instrument 

is switched on 

for the first time) 

~-----------9~ ~urerium 
Lamp on 
Tum 
Tungsren 
Lamp on 
Set slit width 
0.2, 0.5 and 1.0 
N (fixied wavelength) 
Figure 3.13. The flow chart of spectrophotometer sub-icon 
between each valve on and off for valve timing (seconds) control (figure 
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3.14). 

For the valve operating sub-icon, the first line always controls the sample 
valve operation, for the sample injection sub-icon and the standard valve 
for the standard injection sub-icon. The last line controls the carrier valve 
to inject buffer carrier. 
I 
I 
i 
I 
~ 
( Exit) 
Figure 3.14. The flow chart of channell valve operation sub-icon 
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3.4. Summary 
Generally, the main thrust and objectives for this software have been in the 

development of a new flexible computer controlled system to measure, in 

real-time, the growth parameters of cell culture and fermentation systems 

as well as an easy to use human-machine interface. The system produced, 

based on LabVIEW, a graphical language for signal processing and control, 

results in a new, novel and extensible system for FIA and fermentation 

which is far more flexible than anything available commercially at the 

moment. 

The software program produced occupied 8 Megabytes and has been 

developed to control, in real-time, 40 interactive devices. The system has 

the following main technical features: 

a). Real time control consists of an on-line supervision system which 

achieves the tasks of real time signal acquisition, data processing, local 

control, set point control and fault detection. 

b). A total of 7 working channels, including 4 parallel PIA channels can be 

operated. During fermentation 7 parameters (pH, oxygen, culture turbidity, 

ammonia, glucose, lactate and lactate dehydrogenate) are handled in tum. 

The wavelength of the spectrophotometer for each FIA channel can be 

changed in real time. 

c). Rapid analysis results in 10 minutes. 

d). Good precision, accuracy and long term stability is achieved. 

e). These is quick set-up and priming of reagents. 

£). On-line sample dilution can be measured. 

g). Kinetic assays can be performed by stopped flow analysis. 
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h). The system software handles statistics analysis, graph production and 
finally produce reports. 
i). The system is user friendly and easy to operate 
93 

Chapter 4. System Calibration 
4.1. Introduction 
Calibration is necessary because the relationship between instrument 
response and the amount of analysed species is either not known 
accurately or is only know accurately for particularly simple matrices. 
In addition the response of some instruments, such as the FIA system, 
is heavily dependent on the operating conditions selected and the 
particular design of the system used. The calibration procedure also 
affects the speed, accuracy and precision of an analytical procedure. 
Methods of using enzymes as analytical reagents for on-line analysis of 
biological parameters have been well established. In conjunction with 
the use of enzymes, either immobilised or in solution, with PIA, it can 
be concluded that inexpensive or fairly stable enzymes can be used in 
closed-loop systems or directly in solution. Rather expensive or 
unstable enzymes may be used in an immobilised phase (Linares et al., 
1985). Some other wet chemical reaction methods are also 
recommended for biochemical determination of parameters (Butler 
and Dawson, 1992). 
This system was designed on the principle of PIA merging zones 
(Ruzicka, 1988) for the on-line determination of some fermentation 
metabolites. The technique has several advantages in that it is easy to 
set up, uses standard methods, has minimal reagent consumption and 
a high· sensitivity. In the current application, the system is configured 
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to measure ammonia, glucose, lactate and lactate dehydrogenase (LDH). 
It also measures turbidity as an indicator of biomass. 
The calibration of an ultrasonic cell filter, pH electrode and oxygen 
electrode are also given in this chapter. 
4.2. Materials and Methods 
All reagents for the experiment are analytical grade. All reagent 
solutions were made using gas free de-ionised water, which was 
degassed by an Ultrasonic Bath (Engisonic 4873, ENGIS Ltd. Kent, UK), 
to minimise enzyme decomposition. For all the biochemical 
parameters, the reactions were performed with the reaction tube heater 
maintained at 36.0±0.50 C. 
Statistical treatment of the variable parameters measured was carried 
out using EXCEL 4.0. All graphs were made by Cricket Graph 1.3.1. 
4.2.1. Carrier and Driver 
The PIA system carrier was 0.2M phosphate buffer at pH 6.8. 0.02% 
NaN3 was added to maintain sterility in the FIA system. The 
preparation of stock solutions is as follows: 
Stock A (0.2 M Sodium di-hydrogen orthophosphate, mw 156): 25.5 g 
NaH2P04 in 1000 ml of de-ionised water. 
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Stock B (0.2 M di-Sodium hydrogen orthophosphate, mw 142): 24.5 g 
Na2HP04 in 1000 ml of de-ionised water. 
The final solution was made up of 255 ml A + 245 ml B + 500 de­
ionised (D.!.) water. 
The entire PIA system is driven by helium (He), which is virtually 
insoluble in water. The gas pressure was approximately 1.3 bar, 
producing a carrier flow rate of 4.0 ml/ntin. 
4.2.2. Glucose 
Glucose was determined using an enzyme assay kit from SIGMA (Cat. 
No 510-DA, 1994). The reaction was based on conversion of glucose to 
gluconic acid by glucose oxidase: 
Glucose oxidase 
Glucose + lli0 • Gluconic acid +2 H202 
Peroxidase 0 'd' d D' . 'diH202 + o-dianisidine .... Xl lZe 0- larusl ne 
(Colorless) (Brown) 
The intensity of the brown colour is measured at 436 nm, 
Enzyme solution (1): 

1 capsule of PGO enzymes (500 units of glucose oxidase, 100 

purpurogalin units of peroxides and buffer salts) to 100 ml de-ionised 

water. 
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Colour reagent solution (2): 

50 mg o-dianisidine dehydrochloride into 20 ml de-ionised water. 

Combined enzyme-colour reagent solution was prepared by combining 

100 ml of (1) and 1.6 ml of (2) with mild shaking. 

4.2.3. Lactate 
The lactic acid measurement is also based on an enzymatic reaction 
involving lactate dehydrogenase (LDH) followed by NADH detection at 
340 nm (SIGMA kit, Cat. No 826-A, 1994). The reaction is carried out 
from right to left with excess NAD. 
Pyruvate + NADH(High A 340) ~ LD.. Lactate + NAD(Low A 340) 
Lactate dehydrogenase: 

LDH (bovine heart) was a suspension in ammonium sulphate of 

approximately 1000 V/ml. 

Each vial contains 10 mg pre weighed nicotinamide adenine 

dinucleotide (NAD) grade III. 

Combined reagent (20 ml): 
50mgNAD 
O.Sml LDH 
19.5 distilled water 
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4.2.4. Ammonia 
An blue compound, idophenol, is formed by the reaction of phenol, 

ammonia and hypochlorite (Butler, 1992). Ammonia was measured at 

630 nm. Ammonia-free water was used for making all reagents. 

Reagent (1): 

Hypochlorous acid: to 40 ml of water was added 10 ml 6% NaOCL 

solution prepared from commercial bleach. The pH was adjusted to 6.5 

- 7.0 with 2N HCl. 

Reagent (2): 

Phenate reagent: 2.5 g NaOH and 10 g phenol (C6HsOH) was dissolved 

in 100 ml de-ionised water. 

4.2.5. Lactate Dehydrogenase (LDH) 
LDH activity was determined in a cell-free medium. LDH was assayed 

spectrophotometrically by following the oxidation of NADH at 340 n m 

(SIGMA kit, Cat. No. 340-UV, 1994). The reaction was initiated by the 

addition of pyruvate. The rate was corrected by subtracting the value 

measured in the absence of pyruvate. The reaction expression is the 

same as the lactate determination. 

Calcula tions: 

Sample LDH activity is expressed as units/mi/minute, where 1 unit 
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equals an absorbance decrease of 0.001 (SIGMA kit, Cat. No 340-LD, 
1994). Sample volume was 0.2 rol. 
Sample LDH activity =[L~.A/min x TCF] / [0.001 x 0.2 x light path(cm)] 
reF: temperature correction factor (SIGMA kit, Cat. No 340-LD, 1994). 
Reagent (1): 
NADH solution was prepared by mixing 2.85 rol phosphate buffer (0.1 
Mil Potassium phosphate at pH 7.5) with 0.2 mg NADH contained in a 
vial. 
Reagent (2): 
22.7 mM/L sodium pyruvate was dissolved in 0.1 MIL phosphate 
buffer. The pH was 7.5. 
4.3. Calibration of the PIA System 
4.3.1. Dispersion Coefficient of the PIA system 
One of the fundamental requirements of flow injection methodology is 
that controlled, precise dispersion is obtained. The factors which 
control dispersion are flow rate, volume injected, tube dimensions and 
manifold design, together with detector characteristics and injection 
methods. Dispersion coefficient (Dmax) is the essential parameter used 
to characterise passage of the sample through FIA systems (Ruzicka and 
Hansen, 1975). 
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Dispersion is a direct measure of the extent of dilution undergone by a 
particular part of the sample zone between injection and detection and 
is defined as the ratio of the concentrations before and after transport 
through a given FIA system. 
Co: original concentration 

Cmax: recorded maximum signal of injected sample 

Dmax: Dispersion coefficient 

The carrier stream solution was: O.2M phosphate buffer. 

Dye solution: 1 ml stock solution plus 199 ml 0.2M phosphate buffer. 

stock solution: 

0.4 g bromo thymol blue 

25 ml 96% ethanol 

75 ml 0.2M phosphate buffer 

Gas pressure was 1.3 bar which gave a flow rate of 4.0 ml/min. The 
peaks of dye solution were recorded by the system spectrophotometer at 
a wavelength of 620 nm. 
The system Dmax was determined by the comparison of the absorbance 
of blue dye solution gas driven directly through the detector with the 
peak absorbance of loaded samples of the same solutions propelled 
from the sample loop by phosphate buffer. 
The three duplicate samples were measured and averaged; Co was 1.62 
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and 0.78 for Cmax. The Dmax was 2.07, which is a reasonable value in 
conventional FIA techniques considering the relationship between the 
reagent and sample mixing and sensitivity. The dispersion coefficient 
can be compared with sensitivity and sampling rate in analytical 
methodology. The larger DIIlaXt the less intense the signal (sensitivity), 
and hence, the smaller the number of bands obtained per unit time 
(sample throughput). The routine range of Dmax is 1- 15 (Valcarcel and 
Luque de Castro, 1987). 
4.3.2. The Calibration of Phosphate 
As an example of system performance, in using a single analysis 
procedure, results are presented for the determination of phosphate 
based on the reaction with sodium molybdate and. 
H3P04+12H2Mo04 ~ H3P(Mo120 40)+12H20 
Mo(VI) __ascorbic acid __ ~ Mo(V) 
Injection mode: 
sample: reagent (1) : reagent (2) : carrier =4.0: 1.0: 1.0 : 1.0 (seconds) 
Sample: phosphate 
Reagent 1: sodium molybdate 
Reagent 2: ascorbic acid 
The reproducibility of the system is determined by injecting a standard 
solution at least 10 times and calculating the standard deviation. 
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The reproducibility of absorbance peaks recorded with this system is 
controlled by the precision of the timing of the valve operation. Figure 
4.1 shows the detector output recorded from ten successive samples of 
phosphate (approximately 2 ppm) monitored using the colour 
developed by the reaction with a mixture of ammonium molybdate 
(0.005 M) in 0.4 M nitric acid, and ascorbic acid (0.25% w Iv). 
The absorbance was monitored at 660 nm with de-ionised water for both 
carrier and washing liquids (Ruzicka and Hansen, 1988). The standard 
deviation was 0.0014. Figure 4.2 shows a number of calibration curves 
for the range of 2 - 40 ppm phosphate recorded on different days using a 
fixed injection ratio to demonstrate the medium term reproducibility of 
the system operating in maximum sensitivity mode. 
Absorbance 
~i?>W'7 4.1. System reproduci~~ty recorded for phosphate at 2 ppm. Ten 
Injections of sample contalning phosphate were recorded in 120 
seconds 
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0.4 [J Oayl 
• Oay2C Oay3 
• Oay4 
• DayS0.3 
0.1 
0.0 -f----r--r----"T"'"'--,---...---,---,---r---......---, 
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Phosphate (rrgll) 
Figure 4.2. Calibration of phosphate analysis over the concentration 
range of 2-40 ppm on five different days. Straight lines were fitted by 
linear regression. 
4.3.3. System On-line Dilution 
This FIA dilution technique is based on the selection of a suitable 
element of the dispersed sample zone to become the source of the 
analytical readout (Ruzicka and Hansen, 1981). This means that the 
readouts, which are usually obtained from the peak maximum, can be 
replaced by the readouts collected at any tail section of the peak, 
provided that the readings are always taken at exactly the same position 
after injection (figure 4.3). The conventional technique is to select a 
time delay elapsed from the point of injection. In this system, the 
dilution is achieved by selecting delay array signals at the tail of the 
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dispersed sample zone, which appears to be more accurate and can be 
easily calculated by the system computer. 
Figure 4.3. Demonstration diagram of FIA gradient dilution. The 
readouts can be replaced by selecting delay array signals (delay-51 delay-9 
and delay-12) at the tail of the dispersed sample zone. 
Since the selected elements of the dispersed sample zone have different 
dispersion coefficients, they yield a sequence of corresponding 
calibration curves with decreasing slopes. The sensitivity of 
measurement is also decreased. The application of this function is very 
much dependant on the linear slope. Figure 4.4 shows the four groups 
of phosphate data recorded at peak and delay 5,9 and 12 by the system. 
The graph shows linearity for each set of data which corresponds with 
the delay arrays of 5, 9 and 12. This approach is especially practical for 
on-line fermentation measurements since some of the sam.ples may 
exceed the dynamic range of the detector used. If pre-set with a dilution 
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@ t Te't5 ·WJ!!F TFP 
equation into each Channel Measurement program, the software can 
automatically select pre-set delay arrays and calculate the sample 
concentration by related formula as out of range data occurs. However, 
the graph also demonstrates, as expected, that increasing delay 
correlates with decreasing sensitivity. 
2.0 
1.8 
A Peak 
1.6 • Delay-5 
• Delay-9 
1.4 
• Delay-12 
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CIoI 1.0u 
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-e 
0 0.8fIl 
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<: 
0.6 
0.4 
0.2 
0.0 
0 20 40 60 80 100 120 140 
Phosphate (mgll) 
Figure 4.4. Effect of delay positions on the relationship between 
absorbance at 660nm and duplicate concentration. Straight lines were 
fitted by linear regression. 
4.3. Calibration of the System with Four Biological Parameters 
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Four biological parameters, glucose, lactate, ammonia, and lactic 
dehydrogenase, were selected for the application measurements and 
calibrated before the system was used with a culture. The reactions 
were performed with the reaction tube heater maintained at 36.0 ± 
O.soC. Samples were taken at daily intervals over a period of seven days 
to determine reagent stability. 
The standard deviation of seven days duplicated data was calculated for 
each concentration of the mean of glucose, lactate and ammonia. On 
the graph, standard deviation is shown by an error bar. Data presented 
in Appendix C were averaged from the three repeated sampling records 
on each sampling day. The upper and lower control level (UCL or LCL) 
were calculated from the average and standard deviation. The 
calculation used ± 2 standard deviations for UCL and LCL respectively 
(APHA, 1992). The two control lines were written inside of each 
Channel Measurement program and displayed on the front panel 
during on-line measurements. The data presented was in 
concentrations which were calculated through linear regression 
equations, in real time, by the system control software. 
4.4.1. Glucose 
Figure 4.S shows a linear regression graph of a glucose standard in the 
range of 0.5 to 3.Sg/1 to demonstrate system reproducibility operating in 
maximum sensitivity mode. The injection mode was sample : reagent : 
carrier = 3.0 : 2.0 : 0.5 (seconds) with 0.2 min stopped flow. The 
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correlation coefficient was 0.991. 
0.30 
y = 1.2064e-2 + 7.7300e-2x R"2 = 0.991 
0.25 
0.20 
Q) 
~ j 0.15 
0.10 
0.05 
0.00 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Glucose (gIl) 
Figure 4.5. Calibration chart showing the relationship between 
absorbance at 436 nm and glucose concentration. The error bars indicate 
the standard deviations of the means, and the straight lines was fitted 
by linear regression. 
4.4.2. Lactate 
Figure 4.6 shows regression analysis of the relationship between 
absorbance and lactate concentration. The concentration range of lactate 
was from 0.2 to 1.5 gIl with the injection mode sample: reagent: 
carrier =3.0: 2.0 : 0.5 (seconds). The stopped flow timing was 1.0 min. 
The calibration curve is not absolutely straight, but is close to the 
origin, which is acceptable for this particular reaction (SIGMA kit 
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3.5 
0.55 y =0.15910 + 0.39358x - O.10677x"'2 R"'2 = 0.997 
0.50 
0.45 
Cl) 0.40u ~ 0.35 ~ 0.30 
0.25 
0.20 
0.15 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
instruction Cat. No. 826-UV). 
Lactate (gil) 
Figure 4.6. Calibration chart showing the relationship between 
absorbance at 340 nm and lactate concentration. The error bars indicate 
the standard deviations of the means, and the straight lines was fitted 
by linear regression. 
4.4.3. Ammonia 
Figure 4.7 shows a number of calibrations of the ammonia analysis for 
the linear range 2.0 to 40.0 J..lg/mI. The injection mode was sample : 
reagent (1): reagent (2) : carrier = 4.0: 1.0 : 1.0: 0.5 (seconds) with 0.1 min 
stopped flow. The correlation coefficient was 0.997. 
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Figure 4.7. Calibration chart showing the relationship between 
absorbance at 630 run and ammonia concentration. The error bars 
indicate the standard deviations of the means, and the straight lines 
was fitted by linear regression. 
4.4.4. Lactate dehydrogenase 
The rate of decrease of the absolute absorbance of LDH was measured at 
340 nm in the spectrophotometer. The LDR activity was calculated 
from the linear portion of the reaction, which was worked out in a 2.2 
minute period. The temperature used in the reaction was 36±5OC with 
a temperature correction factor (TCF) of 0.53. 
4.5. Calibration of the pH and Oxygen Electrodes 
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Two electrodes, pH and oxygen, were accurately calibrated according to 
the LH Fermentation instruction manual (LH Fermentation 507 and 
SOSA). According to the instructions, both electrodes have a linear 
relationship between electronic output and measured value. After 
LabVIEW A/D conversion, the real measured value for pH were 
worked out in the system program by the following equation: 
pH =2.81 X - 0.1 
X: electronic signal input 
For dissolved oxygen (02%), the expression is 02 = 20 a, where a is the 
input signal. 
4.6. Calibration of the On-line Sampling Filter 
The ultrasonic cell filter was calibrated with a peristaltic pump before 
the cell culture was monitored. The main parameter for the calibration 
is separation efficiency which is defined as: 
E = (1 - Co/Ci) x 100% (Trampler, et aI, 1994) 
Co: viable cell concentration of sample taken from the outflow of the 
filter. 
Ci: viable cell concentration in the stirred cell reservoir. 
During calibration, the inflow cell concentration was kept at about 106 
cells/ml. Three key parameters, peristaltic pump speed (pulling the 
cells out), resonance chamber volume (changing resonant distance) 
and potentiometer (changing the power of transducer), were well 
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-defined and a maximum mean separation efficiency of 95.7% was 
obtained at a flow rate of 0.41L/h with a resonant distance of 35 m m 
and maxmium power of the transducer. 
4.7. Summary 
The statistical data from the seven day quality control experiments 
shows that the system is capable of doing on-line fermentation analyses 
for at least seven days without replacing reagents, which is long 
enough for most laboratory scale mammalian cell batch cultures. The 
stability of the reagents was achieved due to the removal of oxygen 
from the reagent solutions and the oxygen free helium driver gas. 
Extrapolation of the stability slopes for these reactions would indicate a 
much longer period of reagent life before replacement is necessary. 
Compared with conventional PIA systems, there are a number of 
attractive features in this design. Relatively small volumes of reagents 
are required for each analysis. The assays use approximately 67~ of 
each reagent for the phosphate analysis and 150 f.11 reagent for glucose 
analysis. So the present bottles (100 ml) of reagent can be used for 
approximately 600 glucose samples without refilling. 
The pressure of the helium gas results in a rapid injection, which 
makes the system much faster than the pump based systems. The on­
line flow dilution feature results in physical dilution becoming 
unnecessary, giving the flexibility to cope with a wide variety of 
parameters and variable data ranges in fermentation monitoring and 
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control. 
Ultrasonic cell filtration provides a new technology for the on-line 
separation of animal cells from culture medium. Cell separation 
efficiencies are comparable to those achieved by centrifugation Gager, 
1987) and greater than spin filters (Himmelfarb, et al., 1969) or gravity 
sedimentation (Batt et al., 1990) systems operated at the same flow rates. 
At the present power level and frequencies, no detrimental effects 0 n 
hybridoma cell viability were found, which is in agreement with 
Trampler et al.'s data (1994). 
Finally, the system is extensible, cheap and can be used for any 
colorimetric assay which produces a product with a chromophore in 
the UV or visible range. 
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Chapter 5. The Application of the System for On-line 
Monitoring in Mammalian Cell Culture 
5.1. Introduction 
Mammalian cell culture is becoming increasingly important due to its 
industrial potential, especially for the production of monoclonal 
antibodies (Brodeur and Tsang 1986; Reuveny, et al., 1986; Velez et aI., 
1987; Batt and Kompla, 1989; Romeo, et al., 1989 and Becker et al., 1993). 
Additionally, the sensitivity of monoclonal antibodies to changes in 
environmental conditions, the high costs of their production and the long 
fermentation time required for their production underlines the need for 
continuous on-line control of important parameters. 
In this chapter, application of the system to mammalian cell culture is 
described. The on-line determinations of pH, 02, biomass (turbidity), 
glucose, lactate, ammonia and LDH were chosen as examples for the 
application of the system. Viable cells, non-viable cells and total cells were 
also calculated off-line during the fermentation process. 
5.2. Materials and Methods 
The assay procedures were identical to those carried out during calibration 
and described in Chapter 4. Each assay was run with a standard and 
corrected for any activity changes which may have occurred. Acceptability 
of results was confirmed by comparison to the VCL and LCL quality 
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control results referred to in Chapter 4 and shown later. 
5.2.1. Cell line and Culture 
The cells were a mouse-mouse hybridoma cell line, PY 7105 secreting IgG 
monoclonal antibody. The medium used was PRIM 1640 (SIGMA Cat No. 
R7S09, UK) without L-glutamine and phenol red. 5.0 % of Foetal Bovine 
Serum (SIGMA Cat. No F0643, UK), 0.3 gil L-glutamine (200 mM, SIGMA 
Cat. No. G7513, UK) and 10 ml/l Penicillin-Streptomycin solution (SIGMA 
Cat. No P0906, UK) were added in PRIM 1640 before the cells were 
inoculated. 
5.2.2. Fermenter 
All experiments were performed in a CELLON spinner, equipped with a 
2-flat-blade turbine impeller with a 3 litre working volume. The inoculum 
culture was grown in a 600 ml Corning flask. The volume of the inoculum 
was adjusted (usually around 1200 ml) to provide an initial concentration 
of about 2.0 x 105 cells/ml. Agitation speed was maintained at 100 rpm. 
The temperature was controlled at 37.0 oC in an incubator (LH 
Fermentation Ltd, UK). 
For both the flask cultures and the fermenter propagation, cell seed was 
taken from mid-exponential phase cultures (2 - 4 x 105 cells/ml). 
114 

5.2.3. Cell Viability 
For cell viability, two parallel measurements were employed: an off-line 
dye exclusion assay and on-line LDH activity measurement. 
Off line cell viability was determined by trypan blue dye exclusion in an 
haemocytometer (Dawson, 1992). After preparing a cell suspension in a 
Hank's balanced Salts (HBSS, Cat. No. H2513), 0.5 ml of 0.4% trypan blue 
solution (w Iv) was transferred to a test tube, and 0.3 ml of HBSS and 0.2 
ml of the cell suspension (dilution factor =5) was added and mixed 
thoroughly and stand for 5 minutes. The cells were then counted in a 
haemocytometer. Cells was counted off-line every 24 hours. 
5.2.4. Biomass 
Biomass measurement was performed with the Philips spectrophotometer 
measuring turbidity at a wavelength of 576 nm (Nielsen et aI, 1990) 
Measurement was based on the determination of transmission. Culture 
background turbidity data was collected before cell inoculation. 
5.3. Results 
The overall purpose of this series of experimental measurements was to 
demonstrate system stability and reproducibility. Therefore factors that 
cause parameter fluctuation between each culture were minimised by 
using the same conditions. Thus the culture medium and serum were 
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identical, the same physical conditions were used and, as far as possible, 
identical cell concentrations from the initial inoculation. For the three 
cultures, the same cell line was used and all culture were inoculated from 
the same original culture flask. The system set up and running conditions 
were the same as described in Chapter 4. As a system application, the 
conditions of pH and 02 were not optimised during the three repeated 144 
hours cultures. 
5.3.1. Reproducibility in the Three 
Figures 1 - 8 shows all the parameters while were recorded for the three 
duplicated mammalian cell cultures. The cultures were run continuously 
for 144 hours (6 days). Glucose, lactate, ammonia, LDH, culture turbidity, 
pH and oxygen were measured consecutively in every 6 hours. Cell 
viability was counted off-line every 24 hours. 
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Figure 5.1. Concentrations of total cells, viable cells and non-viable cells in 
the three replicate mammalian cell batch cultures. Total, viable and non­
viable cell counts in the three cultures were recorded in 144-hour off-line 
monitoring. 
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Figure 5.2. Glucose concentration changes over time in the three replicate 
mammalian cell batch cultures used to test the accuracy of the on-line 
monitoring system. 
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Figure 5.3. Lactate production changes over time in the three replicate 
mammalian cell batch cultures used to test the accuracy of the on-line 
monitoring system. 
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Figure 5.4. Ammonia production changes over time in the three replicate 
m.ammalian cell batch cultures used to test the accuracy of the on-line 
monitoring system. 
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Figure 5.5. LDH activity changes over time in the three replicate 
mammalian cell batch cultures used to test the accuracy of the on-line 
monitoring system. 
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Figure 5.8. Dissolved oxygen changes Glucose concentration changes over 
time in the three replicate mammalian cell batch cultures used to test the 
accuracy of the on-line monitoring system. 
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5.3.2. On-line Quality Control 
On-line quality control data for ammonia, glucose and lactate were 
recorded during three 144 hours mammalian cell batch cultures (figure 5.9 
-11). All data plus control levels were displayed on the front panel of each 
channel measurement program in real time. The graphs were constructed 
from concentrations of the mean and standard deviation of a standard of 
glucose (3.0 gIl), lactate (0.8 gIl) and ammonia (8.0 mg/l) respectively. 
During the three repeated cultures, most of the data for glucose, lactate 
and ammonia stayed inside the control limits. The general trends for the 
three parameters were that the concentration of the standards slightly 
decreased in the period of 144 hours of fermentation. 
A Culture 1 -- Mean 
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0 12 24 36 48 60 72 84 96 108 120 132 144 
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Figure 5.9. Quality control chart showing changes in the recorded 
concentration of glucose in the standard over time. The standard 
concentration of 3.0 gIl was selected for on-line quality control with 
upper control level 3.418 gIl and 2.752 gIl for lower control level. 
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Figure 5.10. Quality control chart showing changes in the recorded 
concentration of lactate in the standard over time. The standard 
concentration of 0.8 gil was selected for on-line quality control with 
upper control level 0.831 gil andO.697 gil for lower control level 
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Figure S.ll. Quality control chart showing changes in the recorded 
concentration of ammonia in the standard over time. The standard 
concentration of 8.6 gil was selected for on-line quality control with 
upper control level 9.392 gil and 7.958 gil for lower control level. 
5.3.3. Changing Trends for the Seven Parameters in Mammalian Cell Batch 
Culture 
All results present the average value obtained from the analysis of the 
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three cultures. Figure 5.12 shows the total cells ,viable cells and non-viable 
cells concentrations for a typical batch of PY7105 cells. The viable cell 
concentration exhibited a lag period for approximately 24 h after 
inoculation, followed by a period of exponential growth over the next 48 
h. The viable cell concentration continued to increase slightly after the end 
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Figure 5.12. Changes of total cells, viable cells and non-viable cells in 
mammalian cell batch culture. Each value is the mean caculated from 
three cultures. 
of the exponential phase, reaching a peak of approximately 1.7 x 106 
cells/ml. The decrease of viable cells occurred after 96h inoculation and 
the cell numbers reduced to 8.5 x 105 cells/ml at the end of the culture. 
The total cell concentration paralleled the viable cell concentration to its 
maximum and remained at a relatively constant value until the end of the 
122 

culture. For the non-viable cells curve, the significant increase can be seen 
after 72 h inoculation and reaches to about 1.4 x 106 cells/ml at the end of 
the culture. 
Figure 5.13 presents the cell line batch culture profiles of glucose, lactate 
and ammonia. During the cultivation period approximately 1.5 g/l of 
glucose was consumed and 0.8 g/l of lactate and 21.6 mg/l ammonia were 
produced. The significant decrease in glucose consumption and increase 
of lactate and ammonia production occurred between 12h and 60h after 
inoculation. 
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Figure 5.13. Cumulative glucose consumption and lactate and ammonia 
production in three mammalian cell batch cultures. Each value is the mean 
caculated for three cultures. 
The relationships between LDH release, turbidity and cells growth 
kinetics are shown in figure 5.14. In the period between inoculation and 
early cell growth to stationary phase (96 hours), similar pattens of increase 
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of culture ~rbidity and viable cells were observed. Stationary phase 
begins at around 66 hours and this also correlates well with the changes 
observed in both culture turbidity and viable cells. The turbidity of the 
culture was relatively constant after 66 hours until the end of the culture. 
The graph also shows a good correlation between LDH release and 
increased numbers of non-viable cells throughout the 144 hours culture 
period. The sharp increase of the non-viable fraction of the culture 
occurred at 96 hours. It rose from 4.6 x 105 cells/ml to 1.4 x 106 cells/ml at 
the end of the culture. In the same period the LDH activity of the medium 
increased from 143 U / ml to 369 U / ml. 
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Figure 5.14. Relationship between cell growth, LDH release and changes 
in turbidity in mammalian cell batch cultures. 
pH and oxygen data are shown in Figure 5.15. During the course of cell 
growth, a slight decrease in pH was observed between 12 hours and 54 
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hours. After that period, the pH gradually increased to 7.1 at the end of the 
culture period. As expected, oxygen decreased throughout the culture 
period. The change recorded was from 30.7% saturation at the beginning 
to 8.7% at the end of the culture. However, a significant decrease of 
oxygen was also observed between 12 hours and 54 hours. 
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Figure 5.15. pH and oxygen changes during 144 hour mammalian cell 
batch cultures. 
5.4. Discussion 
5.4.1. System Stability 
In the cultivation of mammalian cells for production of monoclonal 
antibodies, the measurement and control of nutrients is important in 
gaining an understanding of the conditions in which the antibody 
production rate can be maximised. To control the concentration of 
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nutrients at a desired level, it is necessary to measure and control the cells, 
nutrient, and metabolite concentrations in real time, on-line. The 
experimental data from the three repeated cultures (figures 1-8) were in 
excellent agreement, which indicate that this system will achieve this 
objective. The three repeated experiments were run effectively in 
consecutive weeks. During this period and in previous calibrations and 
trials, over many months, the system has proved robust, reliable and 
repeatable. The efficient and accurate sample injection technique using 
gas, has improved system performance for on-line fermentation 
monitoring and appears better than previous techniques. The consistent 
gas pressure and accurate timing of each injection of the analyser results in 
highly reproducible data. Furthermore, the system error has been reduced 
to a minimum and on-line data can be recorded during fermentation. 
On-line system calibration and quality control will allow the operator to 
automatically detect any mechanical faults or loss of activity of the 
reagents. The results demonstrate that excellent long-term reproducibility 
and significantly improved reliability are obtained by the system. When 
the standard concentration is below the LeL of the quality control chart, 
then an exchange of the reagents is recommended. The bottle exchange can 
be performed with a minimum of lag time without interruption to the 
system whilst running. In this study, all enzymes were stable for many 
days after the degassing treatment. During the time that the experiments 
were run, apart from two glucose samples, a lactate sample and an 
ammonia sample which were just below the LeL, they all stayed inside the 
control limits. However, there is a trend towards slow deactivation of the 
reagents with time, as might be expected. This illustrates that enzyme 
decomposition is inevitable. However, by use of the quality control 
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parameters, replacement is clearly indicated and new reagents can be 
replaced in good time. 
The application has demonstrated the flexibility, operability and control 
ability of the software. Changes in the control program can be made in a 
matter of minutes, so that any new applications and new control strategies 
can be put in place in a very short time. 
5.4.2. Factors Affecting Cell Growth 
Glucose is an energy source and is essential for the growth of different 
kinds of cells. The experimental data shows that the glucose consumption 
rate of cells was increased dramatically in batch culture. Glucose however, 
was not completely depleted from the medium, which suggests that in 
these cultures the glucose concentration was not limiting for growth. 
Glucose has been shown experimentally to be a precursor for the synthesis 
of the nutritionally non-essential amino acids, pyridines, purines, 
carbohydrates and lipids of the cell (Hu et aI, 1987; Huang et al., 1993). 
Moreover, glucose consumption is also an indicator of cellular metabolic 
activity. Comparison of the figures 5.13 and 5.14 shows a good agreement 
between decrease in glucose consumption and loss of culture viability. 
Lactate, which is the end product of glycolysis, is largely derived from the 
metabolic pathways of glucose (Zielke et aI., 1980), especially during 
hybridoma cell culture. Excessive lactate is an inhibition factor for cell 
growth as well as for monoclonal antibody formation (Glacken et al., 1986). 
In the three cultures, the sharp increase in lactate was found between 24 
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and 72 hours (figure 5.13). In contrast, a clearly decreasing trend was also 
found in pH (figure 5.15) in the similar period, which agrees with the 
Reuveny et ai. (1986) finding that lactate production lowers the pH of the 
medium in hybridoma cell culture. 
Ammonia is a highly toxic agent and has been shown to inhibit cell growth 
in a variety of cell lines. For example, it will inhibit the growth of canine 
kidney cells (Glacken et al., 1986), and hybridoma cells (Reuveny et al., 
1986, Glacken and Sinskey, 1985, Butler and Jenkins, 1989; Dayl and 
Butler, 1990). It is still not quite clear, however, whether the ammonia 
molecule (NH3) or the ammonium ion (NH4+) is the species responsible 
for limiting cell growth and reducing bioreactor productivity. In current 
experiments, a sharp release was observed between 24 and 72 hours. 
About 20 mg/l was released in this period. The trend of ammonia release 
(figure 13) in culture coincided with the increase of the viable cells (figure 
12), which indicates that ammonia or ammonium ions accumulate in the 
culture medium as a result of the metabolic activity of the cells and by the 
spontaneous decomposition of glutamine. The rate of ammonia generation 
depends upon the concentration of glutamine in the medium and the rate 
of its metabolic dearnination (Bitler and Jenkins, 1989). For sensitive cell 
lines, the ammonia accumulated in culture medium is likely to be a major 
factor in limiting cell growth in batch culture (Doyle and Butler, 1990). 
Growth limitations caused by the accumulation of ammonia in culture 
medium have been well recognised (Glacken and Sinskey, 1985; Reuveny 
et iI., 1986 Glacken et al., 1986). Attempts to remove the accumulated 
ammonia (lio et aI., 1984) or to reduce its metabolic formation (Hassell et 
iI., 1987) can result in higher cell yields. 
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It was observed that cells begin to die off rapidly after 96 hours of growth 
in batch culture. The cause of death could be attributed to lack of oxygen, a 
nutrient depletion, waste product accumulation, or perhaps a combination 
of these factors. 
Analysis of the release of intracellular enzymes can be used to measure 
loss of cell viability. The release of LDH is commonly used in cell culture 
studies (Petersen et aL, 1988). The assumptions are made that intracellular 
LDH are only released after damage to the cell membrane and that all 
LDH activity is rapidly released from damaged cells. Thus, the larger the 
rate of release of LDH, the greater the extent of cell death I damage 
occurred. Figure 5.14 shows the increase in LDH release and non-viable 
cell numbers were well correlated between 72 - 144 h. A good correlation 
between loss of culture viability and LDH release was also observed 
between 96 -144 h. The data demonstrates that the release of LDH can be 
used as a good indicator to detect the increase in non-viable cell numbers, 
which is in agreement with Ramer et al., (1990). An increase in total cell 
number was observed between 72 - 96 h, with no concomitant increase in 
culture turbidity (Figure 5.14). Over same period, a slight increase in 
viable cell number and sharp increase in LDH were also recorded. The 
results are consistent with a continuation of cell division in early stationary 
phase without further production of biomass. The assay of LDH can 
indicate low levels of cell damage which is not detectable by the trypan 
blue method. The assay of LDH is more sensitive than trypan blue 
exclusion and suitable for on-line measurement. 
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5.5. Summary 
The results from the thIee repeated application cultures demonstrate that 
the combination of the FIA technique with the UCF filter with robust 
control software offers a useful means for reliable on-line medium 
analysis. The system was stable for the duration of each fermentation. 
Samples were obtained using the newly developed on-line sampling 
device which incorporates the most desirable features of the few devices 
currently available. The on-line results can be used to give rapid 
judgement of the metabolic condition of the mammalian cells and to 
maintain optimal cultivation conditions, as well as to obtain higher final 
yields. 
There are several advantages of the system described here in comparison 
with the results obtained from others (Kilburn et al., 1989; Nielsen et al., 
1990; Renneberg et al., 1991; Dimond, 1994), which are essentially due to 
the improved FIA system (multiple channels, gas driven and automatic 
wavelength control), newly developed UCF filter and robust control 
software. The strengths of the system are its flexibility, stability and the 
ability to perform some sophisticated on-line monitoring of the 
physiology of the mammalian cell culture. 
The experiments have demonstrated the integration of the on-line 
sampling and monitoring system and the computer control system 
utilising the customised LabVIEW software to achieve such a complex 
system. The results presented here have clearly shown the benefits 
obtained from the system and the demonstration of its efficacy. 
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Chapter 6. Conclusions 
6.1. Achievement of the Aims 
A system for on-line monitoring of primary fermentation variables has 
been developed. The main aim was directed at improving the FIA 
technique and sampling technique for on-line fermentation monitoring 
and control. An additional objective was the development of a fully 
automatically controlled system with easy-to-use computer software. This 
has all been achieved using the gas driven injection principle for a 
multiple channel FIA system, development of the UeF filter and the 
LabVIEW software with its simulated instrument panels. The system can 
be used to monitor transient responses in batch and continuous 
fermentation. With it, it is possible to get a large amount of experimental 
data and the most important fermentation variables can be measured 
every 10 minutes. The entire system is controlled by one computer which 
does all the communication and digital processing in real-time. The main 
technical features of the entire system and achievement of the work are 
summarised below. 
6.1.1. Improvement of the PIA Technique 
The improved FIA system is capable of a precision, sensitivity and 
reproducibility at least as good as other conventional flow injection 
system. However, there are a number of attractive features of the new 
design: 
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a). Small volumes of reagents are required for each analysis. The present 
bottles of reagent can be used for approximately 600 samples without 
refilling. 
b). The use of helium gas as a driving force results in an immediate 
injection and reaction, which makes the analysis much faster and results 
in a shorter dispersion tail than peristaltic pump based FlA. For some 
quick reactions, such as that used to measure phosphate concentrations, 
the sampling speed can be up to 100 samples per hour. 
c). The gas driven PIA is amenable to relatively inexpensive expansion to 
allow a larger number of reagents and chemicals to be handled, so that 
sequential analysis for several different parameters is easily accomplished, 
which is important for fermentation on-line monitoring. A total of 7 
working channels, including 4 parallel PIA channels were designed and 
constructed for the system. In the current application, 5 parameters 
(ammonia, glucose, lactate and lactate dehydrogenase, culture turbidity) 
are handled in a pre-set sequence. pH and Oxygen are also controlled. 
d). Due to the fact that enzymes themselves are quite unstable, the activity 
of enzymes used in the detection of culture components is decaying with 
the time. The frequent on-line Ie-calibration is necessary to ensure the 
system performance during fermentation. In the present application, a 
system self Ie-calibration function was installed and realised by on-line 
quality control of glucose, lactate and ammonia using one standard. 
e). The new developed FIA system consists only of valves and tubing, 
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which means that can be modularised easily for industry applications. 
f). The system can be easily modified for any specific applications, and is 
easy to interface with other instruments and systems. 
6.1.2. The New Technique for On-line Sampling 
A new ultrasonic cell filter was used to continuously separate cells from 
culture medium and then recycle cells in the bioreactor under sterile 
conditions. The UCF effectively supplies the supernatant of the culture to 
the FIA system for on-line analysis. The device overcomes all the 
problems of conventional filters, such as membrane clogging (membrane 
filter), filter fouling with protein and cells (spin filter and cross-flow filter) 
and mechanical complexity (centrifugation system). The calibration and 
experimental data demonstrated that the device is reliable and efficient. It 
is believed that this is the first time the device has been applied to such a 
complex on-line monitoring and control system. 
6.1.3. The Development of Robust System Control Software 
LabVIEW provides a robust way of linking together algorithms, 
equipment, data acquisition, data analysis and presentation. The system 
shows that more than 40 devices can be controlled and manipulated by 
the programme. The size of the programme is approximate 8 Mbytes and 
it contains 80 sub icons. 
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The system software has the following main features: 
a). The real time control consists of an on-line supervision system which 
achieves the tasks of real time signal acquisition, data processing, local 
control, set point control and fault detection. 
b). It is easy to set-up control functions and parameters by simulated 
instrument control panel. On-line adjustment of the system control 
parameters is possible during fermentation processes. 
c). The system control software has data handling, statistics analysis, 
graph production and data reporting facilities. 
d). There is programmable on-line concentration dilution. 
e). Kinetic assays are performed by stopped flow analysis. 
The system timings for valve actuation, in this gas driven FIA, need to be 
accurately determined and rapidly reproduced. The software ha.s been 
remarkable in both its accuracy and ability for real-time change, allowing 
reagent intermixing to be carried out empirically, rather than by complex 
calcula.tion of tubing lengths and diameters. Generally, the software 
makes the FIA more valuable for on-line monitoring since it has excellent 
timing and control abilities, which are necessary to obtain reproducible 
results. 
The developed system also demonstrates that LabVIEW is a suitable 
environment for the biotechnologist to write their own control 
programmes in a short period, which can be important with the rapid 
development of biotechnology. Again, it is clear that LabVIEW is a stable 
programming environment which is both flexible and versatile. It is easily 
mastered by non-programmers and can be used for measurement and 
control in almost any situation. Changes in the control program can be 
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made in a matter of minutes so that any modifications can be done 
rapidly. 
6.1.4. Changing Wavelength inReal Time 
A significant achievement of this work is that the system can change the 
wavelength of the spectrophotometer in real-time automatically for each 
FIA charmel. While the system programme is running, the wavelength for 
each channel can be set automatically by direct control of the 
spectrophotometer, which makes the system highly automatic, flexible 
and less time consuming than conventional FIA system. It is a unique 
feature of the system. 
6.1.5. Instrument Simulation 
All the software functions and on-line data are displayed on a single page, 
which makes the program easy to operate and control. The main front 
panel is able to execute the different tasks such as selecting the operation 
charmel, setting the PIA injection mode, sample size and sample interval 
setting and spectrophotometer (wavelength, slit weigh, data collection 
speed), etc. The front panel also gives the user direct information about 
the operating status and about previously recorded data. This is done by 
graphic presentation of the results from the analytical system. Three 
graphic data display windows are designed for standard concentration, 
sample concentration and continuous pH and oxygen data respectively. 
Finally, the results are also stored on the computer hard disk for later 
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statistical analysis, data management and graphical interpretation. 
One of the contributions of the work is that the software provides a better 
human~machine interface than any other currently commercially available 
system, which is achieved by the simulated instrumentation control panel. 
The software can be handled as a real instrument and there is little need 
for training of the system operator 
6.1.6. System Application in Mammalian Cell Culture 
The experimental data that is presented in Chapter 4, system calibration, 
and Chapter 5, system application, demonstrates that the system 
performs well in monitoring of process variables in mammalian cell batch 
culture. The on-line experimental data obtained with the automatic system 
has given crucial growth information about the mammalian cell culture, 
which will be beneficial for further work in optimising production of 
monoclonal antibodies in mammalian cell batch culture. 
Monitoring of LDH release, in combination with culture turbidity, can 
provide a reliable basis for on-line identification of the physiological state 
of the cell culture and can improve process control. 
By the use of the system, it was possible to achieve precise monitoring of 
cell growth inbatch hybridoma cultivation. The accuracy of the estimation 
appears better than that of other systems/techniques so far used. In 
addition, the on-line quality control data of glucose, lactate and ammonia 
has validated the system performance over a 6 day fermentation periods 
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and confirmed that the data obtained is reliable. 
The results that are shown in this study illustrate not only the great 
potential of the system for the study of the dynamic behaviour of 
mammalian cells, but also indicate that the system can be used far more 
generally to study biochemical processes. 
6.2. Suggestions for Future Work 
In the development of fermentation process monitoring and control, more 
research still needs to be carried out on following different aspects of 
fermentation. 
6.2.1. Optimisation of Hybridoma Cell Culture for Antibody Production 
It is widely believed that antibody production is stress related. The 
primary object of the next step is to use the current system to analyse the 
growth conditions when antibody release is stimulated and to then vary 
these conditions for improved production. This work should be carried 
out by monitoring the following: 
i). Glucose and glutamine are primary C and N sources for mammalian 
cell culture. The quantity of each substrate consumed in a particular 
metabolic pathway or producing a particular metabolite depends on the 
concentration of each substrate and the proliferative state of the cell. 
Availability versus antibody production will be studied. 
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ii) Ammonia and lactate are metabolic products from cell culture. They 
are toxic to mammalian cells. It is therefore important to understand how, 
when and why these toxins affect antibody production and to control 
their concentration. 
iii). In order to increase the production of monoclonal antibodies in 
mammalian cell culture, the on-line monitoring of monoclonal antibodies 
is also very important. However, the enzyme-linked immunosorbent 
assay (ELISA) technique is generally used for the off-line measurement of 
monoclonal antibodies. Thus an on-line flow-injection immunoanalysis 
(FIlA) system needs to be built to combine with the current system for on­
line optimisation of monoclonal antibodies production. 
iv) The effects of physical parameters such as pH and oxygen availability 
as growth stress factors and their interaction with the above, will also 
need to be studied. 
6.2.2. Comprehensive Software for Fermentation Control 
In order to meet the requirements for further fermentation process control 
research, a complex fermentation process control package needs to be 
developed. The concept of such software is based on a single computer 
with multiple functions of fermentation control and on-screen display of 
process variables. The software will include two independent, but 
interactive packages constituting a hierarchical structure with two levels: 
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a). The real-time control level consists of an on-line supervision system 
which mainly achieves the task of real time signal acquisition, data 
processing, set-point control and fault detection. 
b). The learning and simulating level consists of several reference 
mathematical models for simulation of different fermentation processes. 
According to the on-line data from the real-time level, the control software 
can simulate a real process with a series of mathematical methods and will 
finally provide a suitable control method for real-time process control. 
Such a system is not currently available on the market. 
6.2.3. Applications in the Fermentation Industry 
According to the literature review, there is much dedicated process 
control software available for the food and pharmaceutical industry. But 
the high cost and complexity of such software has actually delayed the 
application of the technology. However, development of inexpensive, 
flexible and easy handled fermentation system control software which is 
not prohibitively complex could meet the requirements of the 
fermentation industry. An ideal process control technique is to design 
modular packages with a small memory requirement which can be loaded 
onto an industrial minicomputer. LabVIEW is a good programming tool 
to meet this requirement. Development of some control software for 
individual parameters, such as pH, ~, C02, glucose, ammonia, etc., will 
be beneficial to both research and industry. Furthermore, this will help the 
bioprocess scientist to became more directly involved with industry and 
able to support the fermentation industry in further developments. 
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VOLUME II 

Appendix A. Electronic Circuit Diagrams 
The electronic connections of National Instruments boards (NB-MIO-16 
(1), NB-MIO-16 (2) and NB-DIO-24) and circuit diagrams of DOIB are 
presented in this section, which were discribed in the Chapter 2: Design 
and Construction of the Computer Controlled On-line Fermentation 
Monitoring System. The NB-MIO-16 (1) was installed in slot 3 of the 
system control computer. The NB-MIO-16 (2) was located in slot 2. The 
NB-DIO-24 was located in slot 5. 
165 

! 
E 
Gerenal Configuration and Set-up of NB-MIO-16 (1 and 2) 
The major components making up the NB-MIO-16 board are the NuBus 
interface circuitry, the analog input and data acquisition circuitry, and the 
analog output circuitry, the digital input!output(I/O) circuitry, the timing 
I/O circuitry, and the RTSI bus interface circuitry. The theory of operation 
of each of these components is described in NB-MIO-16 user manual 
(National Instruments, 1988). 
Set-up and Configuration 
Input Mode 
There are three different input modes to the NB-MIO-16. They are a 
ground-referenced single-ended input, non-referenced single-ended input, 
and a differential input. The input mode selected for this work was a 
ground-referenced single-ended input (16 channels). The input mode 
configuration is as follows: 
Jumper Setting 
W1: A-B AI SENSE was tied to the instrumentation amplifier signal 
ground. 
C-D the negative( -) input of the instrumentation amplifier was 
tied to the instrumentation amplifier signal ground. 
G-H Multi-plexer outputs are tied together into the positive( +) 
input of the instrumentation amplifier. 
W9: B-C Multi-plexer control was configured to control 16 input 
channels. 
W2: B-C Unipolar, 0 to + lOV (19V range). 
W3: B-C Unipolar, 0 to + lOV (19V range). 
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.1 
Signal Connections 
The signals on the back of NB-MIO-16 I/O connector can be classified as 
analog input signals, analog out put signals, digital I/O signals, digital 
power connections, or timing I/O signals. Pin 1 through 19 of the I/O 
connector are analog input signal pins. Pin 1 and 2 are AI GND signal pins. 
Al GND is an analog input common signal that is routed directly to the 
ground tie point on the NB-MIO-16. Pin 19 is the AI SENSE pin. In single­
ended mode, this pin is connected internal to the negative (-) input of the 
NB-MIO-16 instrumentation amplifier. Pins 24 through 32 of the I/O 
connector are digital I/O signal pins. Pins 25, 27, 29 and 31 are connected to 
the digital lines ADIO 0 to 3 for digital I/O port A. Pins 26, 28, 30 and 32 are 
connected to the digital lines BDIO 0 to 3 for digital I/O port B. Pin 24, DIG 
GND, is the digital ground pin for both digitall/O ports. For the details of 
the electronic specifications see the NB-MIO-16 user manual (NB-MIO-16 
user manual, 1988). 
Two NB-MIO-16 boards were installed in the Macintosh Quadra 950. NB­
MIO-16(1) was located in the slot 3 and NB-MIO-16(2) was located in the 
slot 2. Figure A-I shows the NB-MIO-16(1) connector pin assignment for 
this system. Pin 3 (CHOO) was configured as the Philips spectrophotometer 
detector analog input signal pin. Pins of 7 (CH02), 8 (CHOIO) and 9 (CH03) 
were pH, Oxygen and Heater analog input signal pins respectively. 
The NB-MIO-16(2) connector pin assignment is shown in figure A-2. In 
this board, only two digital output pins were currently used for the system. 
Pin 24(ADIOO) drives valve 15 and pin 25(ADIOI) drives valve 16 of FIA 
system. There are at least 16 analog input pins and 6 digital I/O pins 
available for the system for further potential connections. 
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10 
20 
30 
40 
50 
1 
3 
5 
7 
9 
11 
13 
AI GND(Philips GND) 
ACHOO(PhiIips PU8700) 
ACH01 
ACH02(pH meter) 
ACH03(Oxygen meter) 
ACH04(Heater) 
ACHOS 
2 
4 
6 
8 
12 
14 
AIGND 
ACH8 
ACH8 
ACH10 
ACHll 
ACH12 
ACH13 
1 
3 
5 
7 
9 
11 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
15 ACH06 16 ACH14 0 0 
17 ACH07 18 ACH15 0 0 
19 AI SENSE DACOOUT 0 0 
21 DACI0UT 22 EXTREF 0 0 
23 AOGND 24 DlGGND 0 0 
25 ADlOO 26 BDIOO 0 0 
27 ADlOl 28 BDlOl 0 0 
29 ADlO2 BDlO2 0 0 
31 ADlO3 32 BDI03 0 0 
33 DIGGND 34 +5 Volts 0 0 
35 +5 Volts 36 SCANCLK 0 0 
37 EXISTROBE 38 EXTTRIG 0 0 
39 EXTGATE EXTCONY 0 0 
41 SOURCE1 42 GATE 1 0 0 
43 OUT1 44 SOURCE 2 0 0 
45 
47 
49 
GATE2 
SOURCES 
OUTS 
46 
48 
OUT 2 
GATE 5 
FOUT 49 
0 
0 
0 
0 
0 
0 50 
Figure A-I. NB-MIO-16(1) connector pin assignment 
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a 

1 AIGNO 	 2 AlGND 
I 	 1 0 0 2 3 ACHOO 	 4 ACH8 ~ 0 05 ACHOI 	 6 ACH8 
0 07 ACH02 8 ACHlO 
0 09 ACH03 	 10 ACHll 0 011 ACH04 	 12 ACH12 0 013 ACH05 	 14 ACH13 0 015 ACH06 	 16 ACH14 0 0 
17 ACH07 	 18 ACH15 0 0 
19 AI SENSE 	 20 OACOOUT 0 0 
21 DAClOUT 	 22 EXTREF 0 0 
23 AOGNO 24 OlGGND 0 0 
25 ADIOO(ChanneI4 reagent I, valve 15) 26 BOlO 0 25 0 0 
27 ADIOl(ChanneI4 reagent 2, valve 16) 28 BDI01 27 0 0 
29 ADI02 30 BOI02 0 0 
31 ADI03 32 BDI03 0 0 
33 DIGGND 34 +5 Volts 0 0 
35 +5 Volts 36 SCANCLK 0 0 
37 EXTSTROBE 38 EXITRIG 0 0 
39 EXTGATE 40 GATE 1 0 0 
41 SOURCE1 42 EXTCONY 0 0 e,
43 OUT1 44 SOURCE 2 	 0 0 
0 045 GATE2 46 OUT 2 
0 047 SOURCES 48 GATE 5 
49 0 0 5049 OUTS 	 50 FOUT 
Figure A-2. NB-MIO-16(2) connector pin assignment 
169 

Gerenal Configuration and Set-up of NB-DIO-24 
The NuBus Control circuitry controls the sending and receiving of the 
NuBus signals. The 8255A programmable peripheral interface is the heart 
of the NB-MIO-24. This chip has 24 programmable I/O pins which 
represent three 8-bit ports: PA, PB and Pc. Each port can be programmed as 
an input or an output. The 8255A provides three modes of operation: 
simple I/O, strobed I/O and bi-directional I/O. For the details of technical 
specification see the NB-DIO-23 user manual (National Instruments, 1987). 
Set-up and Configuration 
Iumper Setting 
The NB-DIO-24 requires only one jumper setting which selects the 
interrupt enable line. The board was shipped with this jumper set to 
NONE. This setting disables all interrupt requests from the NB-DIO-24 
board. 
Signal Connections 
All digital I/O is through a standard 50-pin male connector. The pin 
assignments for the I/O connector are compatible with standard 24­
channel digital I/O applications. All even pins on this connector are 
connected to logic ground and pin 49 is connected to +5 VDe. 24 bits are 
divided into a set of three digital I/O ports of eight bits each. The digital 
I/O ports are labelled as Ports P A, PB and PC on the connector 
respectively. Each of the three ports is configured as an out put port for 
the system. The details of the connector pin assignment is shown in 
figure A-3. 
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1 
3 
5 
7 
9 
11 
13 
15 
17 
19 
21 
23 
PC7 (Sample/waste control, 12VDC, VIS) 
PC6 (Helium gas control, 12VDCV 17) 
PCS (Filter loop, 24VDC, V19) 
PC4 (Sample gate, 24VDC, V20) 
PC3 (Biomass gate, 24VDC, V21) 
PC2 (Stirrer control, 240V AC) 
PCI (pH and Oxygen control, 240V AC) 
PCO (Filter pump control, 240VAC) 
PB7 (Transducer relay, 240V AC) 
PB6 (Heater relay, I2VDC) 
PBS (Sample control, I2VDC, VI) 
PB4 (Carrier control, I2VDC, V2) 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
GND 1 
GND 
GND 
GND 
GND 
GND 
GND 
GND 
GND 
GND 
GND 
GND 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
25 
27 
PB3 (Channel I control, I2VDC, V3) 
PB2 (Channel 2 control, I2VDC, V4) 
26 
28 
GND 
GND 
0 
0 
0 
0 
29 PBI (Channel 3 control, 12VDC, V5) 30 GND 0 0 
31 PBO (Channel 4 control, 12VDC, V6) 32 GND 0 0 
33 PA7 (Biomass channel control, 12VDC,V7) 34 GND 0 0 
35 P A6 (Channel I standard, 12VDC, VS) 36 GND 0 0 
37 PAS (Channell reagentl, 12VDC, V9) 38 GND 0 0 
39 
41 
43 
45 
47 
49 
PA4 (Channell reagent2, 12VDC, VI0) 
PA3 (Channel 2 standard, I2VDC, Vll) 
PA2 (Channel 2 reagent, I2VDC, V12) 
PAl (Channe13 standard, I2VDC, V13) 
PAO (Channel 3 reagent, 12VDC, V14) 
+SV 
40 
42 
44 
46 
48 
50 
GND 
GND 
GND 
GND 
GND 
GND 49 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 50 
Figure A-3. NB-DIO-24 connector pin assignment 
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Appendix B. The System Control Program 

The details of the system control program are presented. It starts with 
the system main control program, then followed by channel operation 
sub-icons, measurement sub-icons and accessory controls. In each sub­
icon, the data input and output connections, front panel and block 
diagrams are presented. All block diagrams are presented in the 
LabVIEW Case Structure order. 
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Figure B-12. Call Channell standard measurement sub-icon 
190 

s 
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Figure B-14. Call Channel 1 standard measurement sub-icon 
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Figure B-17. Call Channel 2 sample measurement sub-icon 
195 

:l ..,. .,. r: Ir :m:::a .......~... ... 
~ ! ! t': ltm :tl .... ; ;.~:. ;..... 
Figure B-18. Call Channel 3 sample injection sub-icon 
196 

)lClilO!iO!lClilOiiOiL·... ~... ~....~ ..JiOilOiitliitliitliitlt::: 
10~3600 I • ->r-~ 
......{Q] 
Figure B-19. Call Channel 3 sample measurement sub-icon 
197 
i::l <> ? !r m flI .. ·····n··· ...0<!I ! ! tl It II{ :.Il • W.::::.iJ::::..:..... 
Figure B-20. Call Channel 4 sample injection sub-icon 
198 

a ;w 
OJ 
1200 
140 
1100 
Figure B-2!. Call Channel 4 sample measurement sub-icon 
199 
:l <> DO :r.; tr m:it 111····'.2'·· .. ·..
:l ! ! t! It m :.g • ~I'~":~::':';UI 
Figure B-22. Call Channel 1 sample injection sub-icon 
200 

)lOlitmOiikJ.iitllltur:..~....1.... ~..JOllkJ.iiO!iOll' 
o 13600 I + _>T---f"'>.. 
OJ 
Figure B-23. Call Channell sample measurement sub-icon 
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Figure B-24. Call Close sampling sub-icon 
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Figure B-31. Channell operation, front panel and block diagrams 0 - 7 
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Figure B-32. Channel 2 operation, front panel and block diagrams 0 - 7 
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Figure B-33. Channel 3 operation, front panel and block diagrams 0 - 7 
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Figure B-35. Channel 1 measurement, front panel and block diagrams 0 - 6 
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Figure B-36. Channel 2 measurement, front panel and block diagrams 0 - 5 
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Figure B-37. Channel 3 measurement, front panel and block diagrams 0 - 6 
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Figure B-38. Channel 4 measurement, front panel and block diagrams 0 - 6 
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Figure B-39. Oxygen measurement, front panel and block diagram 
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Figure B-40. pH measurement, front panel and block diagram 
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Figure B-41. Turbidity measurement, front panel and block diagrams 0 - 4 
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Figure B-42. Spectrophotometer controll front panel and block diagrams 0 - 11 
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Figure B-43. Start the system operation, front panel and block diagrams 0 - 7 
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Figure 8-44. End the system operation, front panel and block diagram 
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Figure B-45. Heater control, front panel and block diagrams 0 - 4 
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Front panel 
Figure B-47. Save all standards data, front panel and block diagram 
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Figure B-48. Save all samples data, front panel and block diagram 
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Figure B-49. Save frequent pH and oxygen data, front panel and block diagram 
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Appendix C. Tables 
Table C-l. System accessory comections on connectors pcb 
Connection 
Sample/Waste 
Helium gas 
Filter loop 
Sample gate 
Biomass gate 
Fermentor stirrer 
pH and oxygen 
Filter pump 
Transducer 
Heater 
Sample control 
Carrier control 
Channell 
Channel 2 
Channel 3 
Channel 4 
Biomass channel 
Channel 1 - Standard 
Valve 
18(3way) 
17(3way) 
19 (PV) 
20 (PV) 
21 (PV) 
1 (3way) 
2 (3way) 
3 (3way) 
4(3way) 
S(3wai) 
6(3way) 
7(3way) 
8(3way) 
Output 
o12VDC 
112VDC 
224VDC 
324VDC 
424VDC 
S240VAC 
6240VAC 
7240VAC 
8240VAC 
912VDC 
1012VDC 
l1l2VDC 
1212VDC 
1312VDC 
14I2VDC 
IS12VDC 
1612VDC 
17l2VDC 
NI Board 
PC71.DIO-24 
PC63.DIO-24 
PC5 S.DIO-24 
PC47.DIO-24 
PC39.DIO-24 
PC211.DI0-24 
PC113.DI0-24 
PCO lS.DIO-24 
PB717.DIO-24 
PB619.DIO-24 
PBS 2l.DIO-24 
PB4 23.DI0-24 
PB3 25.DIO-24 
PB227.DI0-24 
PBI 29.DIO-24 
PBO 31.DI0-24 
P A7 33.DIO-24 
PA63S.DI0-24 
Connectors 
SKI12.0-31 
SKI12.0-31 
SK.I24.0-9 
SK.I24.0-9 
SK.I24.0-9 
SK.I240.0-9 
SKI240.0-9 
SK.I240.0-9 
SKI12.0-31 
SKI12.0-31 
SKI12.0-3l 
SK.I12.0-3l 
SKI12.0-31 
SKI12.0-31 
SK.I12.0-3I 
SK.I12.0-31 
SK.I12.0-31 
SK.I12.0-31 
Channel I-Reagent 1 
Channel I-Reagent 2 
9(3way) 
10(3way) 
1812VDC 
1912VDC 
PAS 37.DI0-24 SK.I12.0-31 
PA4 39.DIQ-24 SK.I12.0-31 
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Channel 2 - Standard P A3 4I.DIO-24 SKI12.0-3I 
Channel 2 - .L'U'O<JL:t<<::L P A2 43.DIO-24 SKI12.0-3I 
PAl 4S.DIO-24 SKI12.0-3I 
*: Connector 26-31 are potential connections. 
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Table C-2. Peak heights recorded from glucose standards in 7 days for 
the system reproducibility test. 
Concentration(g/l) 0.5 1.0 1.5 2.0 2.5 3.0 
Day 1 0.0400 0.0900 0.1233 0.1800 0.2300 0.2700 
Day 2 0.0867 0.1233 0.1733 0.2200 0.2600 
Day 3 0.0467 0.0833 0.1300 0.1700 0.2167 0.2533 
Day 4 , 0.0533 0.0800 0.1300 0.1533 0.2100 0.2500 
DayS 0.0502 0.0700 0.1200 0.1500 0.2033 0.2400 
Day 6 0.0493 0.0700 0.1200 0.1500 0.1933 0.2400 
Day 7 0.0490 0.0700 0.1217 0.1510 0.2000 0.2333 
Average 0.0474 0.0786 0.1240 0.1611 0.2105 0.2495 
SD 0.0045 0.0086 0.0043 0.0129 0.0127 0.0128 
VCL 0.5564 0.0957 0.1326 0.1868 0.2358 0.2752 
LCL 0.0384 0.0614 0.1155 0.1353 0.1851 0.2239 
SD: Standard deviation 
The standard concentration of 3.0g/l was selected for on-line quality 
control with VCL 0.2752 gil and 0.2239 gil for LCL. 
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Table C-3. Peak heights recorded from lactate standards in 7 days for the 
system reproducibility test. 
Concentration(g/l) 0.2 0.4 0.6 0.8 1.0 1.5 
Day 1 0.2537 0.3217 0.3713 0.4113 0.4530 0.5287 
Day 2 0.2530 0.3170 0.3660 0.4040 0.4520 0.5217 
Day 3 0.2440 0.3060 0.3573 0.3963 0.4460 0.5130 
Day 4 0.2430 0.2957 0.3580 0.3933 0.4433 0.5087 
Day 5 0.2360 0.2963 0.3513 0.3920 0.4417 0.5030 
Day 6 0.2357 0.2993 0.3500 0.3900 0.4410 0.5033 
day 7 0.2360 0.2947 0.3497 0.3890 0.4437 0.5000 
Average 0.2430 0.3044 0.3577 0.3966 0.4458 0.5112 
SD 0.0078 0.0110 0.0084 0.0082 0.0048 0.0106 
DeL 0.2587 0.3263 0.3744 0.4130 0.4555 0.5325 
LCL 0.2274 0.2825 0.3409 0.3801 0.4361 0.4899 
The standard concentration of 0.8g/l was selected for on-line quality 
control with DCL 0.4130 gil and 0.3801 gil for Le. 
I 
I 
, 
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Table C-4. Peak heights recorded from ammonia standards in 7 days for 
the system reproducibility test. 
Con. (gil) 2.0 4.0 6.0 8.0 10.0 20.0 40.0 
Day 1 0.1400 0.1867 0.2000 0.2230 0.2567 0.3700 0.6200 
Day 2 0.1333 0.1867 0.2000 0.2210 0.2467 0.3667 0.6100 
Day 3 0.1300 0.1700 0.1900 0.2180 0.2467 0.3700 0.6067 
Day 4 0.1300 0.1700 0.1800 0.2177 0.2467 0.3667 0.6067 
Day 5 0.1200 0.1667 0.1830 0.2150 0.2400 0.3597 0.5967 
Day 6 0.1200 0.1710 0.1823 0.2150 0.2397 0.3600 0.5967 
Day 7 0.1200 0.1697 0.1810 0.2100 0.2397 0.3530 0.6000 
Average 0.1277 0.1744 0.1880 0.2171 0.2451 0.3637 0.6052 
SD 0.0078 0.0085 0.0088 0.0043 0.0061 0.0063 0.0084 
UCL 0.1432 0.1914 0.2056 0.2257 0.2574 0.3764 0.6220 
LCL 0.1122 0.1574 0.1705 0.2085 0.2329 0.3510 0.5885 
The standard concentration of 8.0 Ilg/ml was selected for on-line 
quality control with DCL 0.2257 gIl and 0.2055 gIl for LeL. 
l 
I 
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Abstract 

An computer based fully automatic control system is presented for fermentation processes 
control. The system contains seven working channels: four flow-injection analysis 
channels, biomass channel, pH and oxygen measuring and control, two 
spectrophotometers, an on-line sampling device, and further control for up to 29 devices. 
Sample withdrawal and operation of the analytical system is controlled by an Apple 
computer, which also performs data acquisition, calibration and calculation. An easy-to-use 
computer interface program was written in visual programming language, LabVIEW. The 
software is powerful, flexible and suitable for bioprocess scientists to rapid develop a new 
control technique for fermentation control. 
Keywords: Flow iryection; Fermentation; Bioprocess on-line control, LabVIEW 
1. Introduction 
As research in biotechnology rapidly advances, the need for more complex measurements and sophisticated 
control in fermentation systems grows with it. For optimisation of bacterial, yeasts and mammalian cell 
fermentations, automatic control of fermentation processes is essential to obtain continuos infol1IUltion about the 
concentration of substrates and products. An on-line sample system combined with flow-injection analysis (FIA) 
offers the possibility to cope with the requirements. 
Recently attention has been paid to develop a computer control system for on-line sampling, FIA and 
fermentation data handling [l-4}. However most of the commercial packages are complex to handle, inflexible, 
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expensive and not always appropriate to the requirements of bioprocess scientists. The development of new 
control techniques requires mixed skills in programming, electronics and knowledge of bioprocess behaviour. It 
is difficult and time consuming for bioprocess scientists to write new control program with classical languages, 
such as FORTRAN, Pascal and C. 
Lab VIEW (Laboratory Virtual Instruments Engineering Workbench) is a powerful and flexible instrumentation 
and analysis software system for Apple Macintosh, IBM PC computers and Sun workstations. LabVIEW departs 
from the sequential nature of traditional programming languages and provides a graphical programming 
environment The system contains all the tools needed for real-time data acquisition, analYSis and presentation. 
LabVIEW programs are called Virtual Instruments(Vls). A VI consists of afront panel and a block diagram. 
In this communication the construction of a universal flow injection system for the determination of substrates 
in fermentation processes is presented with particular emphasis on research demands for such an analysis and 
control system. The paper describes the general configuration of the system which contains four parallel PIA 
channels for mOnitoring of primary fermentation variables as well as biomass channel, pH and oxygen control. 
2. Materials and Methods 
The system concept 
The system is based on a PIA technique, which is gas pressure driven carrier and reagents controlled by 
computer switched solenoid valves. The system is a fully automated process-monitoring device for sophisticated 
sampling set-ups, sample preparation, spectrophotometers set-ups, intermittent calibrations and washing or 
regeneration cycle, variable dilution, injections, signal condition/conversion and data processing and evaluation. 
A visual programming software, LabVIEW, is being used in this study to rapidly interface signals between all 
devices and computer. 
Fermentater and sampling device 
The 5-L fermenter shown on fig. 1 is connected with the system. pH and oxygen electrodes (Igold, Swiss) are 
installed inside fermentor and connected with system computer (Macintosh Quadra 950). Both batch and 
continuous fermentation can be performed in a laboratory fermentor. For the continuous mode sterile substrate is 
pumped to the fermentor by a peristaltic pomp through autoclavable silicon tubing. 
The sample withdrawal system (fig. 2) combines simple design with high reliability and anti-clogging function. 
A 100m! plastic coated schott sampling bottle connected with vacuums pump. fermentor througb 0.2J.lIll 
membrane fllter (Sartorius, Germany) and helium gas system respectively. Each connection is controlled by 
solenoid valve and manipulated by system programme to switch on/off. Periodic removal of a sample of the 
medium is accomplished without breaching the sterile integrity of the vessel and allowing samples to go to 
waste or fraction sample collector. 
Analytical System 
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A four channels PIA has been designed for monitoring important fermentation variables. The entire system 
contains 15 solenoid valves including 2-way, 3-way and 6-way. The sample from the sampling device is 
pressurised by helium gas to the analytical system (fig. 3). A small sample volume is injected into a carrier 
stream, and after certain and vary accurately controlled reaction time a response signal is developed and 
measured in a detector. The biomass channel measurement is based on the medium turbidity, but the sample is 
driven by peristaltic pump instead of helium gas. 
Detectors 
Two detectors are used for FIA operation and biomass measurement. Philips PU8700 spectrophotometer had 
been modified, which was disconnected with Original control computer and reconnected to the Macintosh 
through Z80 board, to be enable to drive the detector directly by system computer. A small flow cell with inner 
volume approx. 8111 was fixed in sample compartment. The wavelength is in the range of 190-900mn. The 
second detector is Mini-Monochromator (AMCI-03, Optometries USA Inc.) wbich contains a micro flow cell 
(approx. 25111) with two photo diodes (RS 304-560) in parallel. The wavelength is in the range of 300-76Onm. 
The operation of Mini-Monochromator is also directly controlled by system programme. 
Interface and Control 
All devices in the system are controlled by a Macintosh Quadra 950 computer. The computer handles data 
acquisition from the pH meter, oxygen meter, and two detectors, Philips spectrophotometer and Mini­
Monochromator. 
The computer data acquisition and I/O interface cards we used are NB-MIO-16L [5] and NB-DIO-24 [6J. The 
NB-DIO-24 is a 24 bit parallel digital I/O interface for the Macintosh computer. The NB-MIO-16 cards are high 
performance, multifunction analog, digital and timing I/O boards. The boards contain 12-bits analog-to-digital 
(AID) converter with 16 analog inputs, two 12-bit digital to analog (D/A) converters with voltage outputs, 8 
lines of TIL compatible digital I/O and three 16-bit counter/timer channels for timing I/O. The AiD converter is 
set to receive 0-10 V signals for the two detectors and 0-5 V for pH and oxygen meters interfaces. The electronic 
circuitry between the computer and the functional hardware is shown in fig. 4. 
Software 
The software is written in LabVIEW version 2.2.1(National Instruments Ltd., Newbury, UK), and is struCtured 
with basic virtual instrument, a functional unit which is symbolised as an icon, as a subroutine (sub-VIs) for 
control of valves, pumps, calibration, data acquisition and calculations. These sub-VIs are called from higber 
level sub-VIs that direct an analysis round, resetting wavelengths of spectrophotometers, perform recording of 
baseline from two spectrophotometers, direct PIA channels, operate sampling device, injection standard or 
sample, stopped flow operation, recording of response signal, on-line dilution calculation, and preparation for 
the next sample injection. The recorded signals are obtained in an array, and by means of a calculation and 
calibration Sub-VI, the peak height is found related to the appropriate concentration. 
The software main front panel to execute the different tasks such as defining the model, selecting the operation 
channel, PIA injection mode setting, sample size and sample interval setting, spectrophotometer setting 
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(wavelength, slit weigh, data collection speed), etc. While the system programme is running, the wavelength for 
each channel can be set automatically in real-time by direct control of the spectrophotometer. The front panel 
also gives user direct information of the system present operating statutes and previous recorded data. This is 
done by graphic presentation of the results from the analytical system. Five graphic data display windows were 
designed for standard concentration, sample concentration, absorbance of all samples and standards, continuous 
pH and oxygen data respectively. Finally, the results are also stored on the computer hard disk for afterwards 
statistic analysis, graph making and data printing. 
3. Results and Discussion 
The System Calibration 
The system has been set up and calibration has been carried out using simple colorimetric reaction of phosphate 
and glucose as a model. 
The reproducibility of absorbance peaks recorded with this system is controlled by precision of the timing of the 
valve operations. Fig. 5 shows the detector output recorded from ten successive samples of phosphate 
(approximately 2ppm) monitored using the colour develop by the reaction with a mixture of ammonium 
molybdate (0.005M) in O.4M nitric acid, and ascorbic acid (0.25% w/v). The peaks standard deviations is 
0.0016. The absorbance was monitored at 660 nm and carrier and washing liquids were both distilled water [7]. 
The phosphate determination has a linear range of 2 mg/1 to 20 mg/1 (corr. =0.989, Y=1.333e-2 + 9.954e-3x). 
One measurement takes about 30 sec, which gives 120 injections per hour. The colour metric reaction for 
glucose was based on SEGMA (1993) colour metric method. The linear range of glucose is from O.2g1l to 5gll 
(corr. = 0.999, y=9.524e-4 + O.136x). The absorbance was monitored at 436 nm. In order to complete the 
reaction, a time of 1 minutes stopped flow was programmed. So the system rons approximate 40 samples per 
hour. 
Clearly the instrument gives reproducible results and the sensitivity is of the same order as one would expect 
from conventional flow-injection analysis. The gas driven PIA is amenable to relatively inexpensive expansion 
to allow a larger number of reagents to be handled, so that sequential analysis for several different analyses is 
easily accomplished, which is important for fermentation on-line monitoring. 
Visual Programming with LabVIEW 
Software plays a vital role in biotechnology for the development of fermentation control system. Until recently, 
standard software available from bioreactor manufacturers is still not capable of supporting custom control 
programmes written by the user [8]. LabVIEW, provides visual programme language and offers broad range of 
functionality from device drives for controlling specific hardware interfaces to develop complete system.. With 
LabVIEW we were able to develop such multiple channel system in shon period and drive all devices in real­
time. The most Significant contribution of the work is that the system can change the wavelength of 
spectrophotometer automatically for each PIA channel, which has not been done before. 
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With LabVIEW, virtual instruments were build instead of writing programs. Front panel user interface can be 
easily created for interactive control of software system. The block diagram is the actual program, so the time 
consuming task of converting ideals into cryptic code can be avoided. All the programmes required were written 
by a author in two months. The size of the programme is approx. 8MByte and contains 80 sub icons. The control 
programme of on-line sampling system, which involves the sequence operation of the three valves, a vacuum 
pump and a fraction sampler, was written and test in four hours. Four channels PIA system control was written 
in one week. The times consuming is well comparable with those professional programmers using classical 
languages. As libraries of functions were built, which could be used in other block diagrams and further 
functional expending of the system. 
LabVIEW based on a principal of modular design and can be open and run any individual VIs. The programme 
can be interactively test those VIs and immediately use them as icons to build sophisticated layers of VIs. 
Through modular hierarchy, the programme can be deSign, modify, interchange, and also combine VIs to meet 
changing application needs. However, LabVIEW can save lots of time for finial programme checking and 
maximum avoidance some technique mistakes during programme writing. 
4. Conclusions 
A system for on-line monitoring of primary fermentation variables has been developed. The main aim was 
directed at improving FIA technique for fermentation and the development of an fully automatic controlled, and 
easy-to-use computer interface. This was achieved using gas driven injection principle for multiple channel FIA 
system and the development of Lab VIEW software which has simulated instrument panel. The system can be 
used to monitor transient responses in batch and continuous fermentations. With the system it is possible to get a 
large amount of experimental data, and the most important fermentation variable can be measured every 10 
minutes. Furthermore, the system will be very useful for study of the dynamic behaviour of fermentation 
process. 
LabVIEW provides a robust way of linking together algorithms, equipment, data acquisition, data analySis and 
presentation. The system shows that more than 50 devices can be controlled and manipulated by a signal 
programme. The system timing for valve actuation, in this type of PIA, needs to be accurately determined and 
rigidly reproduced. Lab VIEW has been remarkable in both its accuracy and ability for real-time change, 
allowing reagent intermixing to be carried out empirically, rather than by complex calculation of tubing length 
and diameters. 
In conclusion, it is clear that LabVIEW is a stable programming environment which is both flexible and 
versatile. It is easily mastered by non-programmers and can be used for measurement and control in almost any 
situation. 
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Figure 1. Schematic diagram of experimental apparatus. 1. Helium gas, 2. Fermentor, 3. pH electrode, 4. oxygen 
electrode, 5. Gas filter, 6. Medium reservoir, 7. sampling filter, 8. sampling device, 9. Detector 1, 10. Carrier 
reservoir, 11. 6 way-channel switch valve, 12 Channell, 13. Channe12, 14. Channel 3. 15. Channel 4, 16.6 way 
manifold, 17. Heater, 18. Detector 2, 19 Fraction sample collector, 20. Vacuum pump. 21. Medium pump, 22. 
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The early days 
The authors have been using LabVIEW since the B version of 1.0. One of us (PJK) has been using scientific 
analytical equipment in the laboratory for nearly 40 years. During this time there have been great changes in the 
philosophy of instrument design and in its use. As an example of these changes, we will consider UVNisible 
spectrophotometry. This is the measurement of colour, usually across the ranges 190-800 nm and is used in a 
quantitative manner in almost all analytical. chemical and biochemical laboratories. In the late 50s this type of 
spectroscopy was carried out manually, each wavelength measurement being taken by a series of operations. A 
whole spectral scan might take several hours dependent upon the detail required. However the operator was in 
control of all the parameters of operation. 
The early 60s saw the introduction of the automatic scanning machine and the introduction of the double beam 
instrument, making the solvent and cuvette effectively invisible. Information was recorded with a pen on a pre­
calibrated chart Initially the electronics was valve/tube gradually being replaced with transistors. Control of 
most parameters, such as slit width and sensitivity, was still possible using knobs. switches and dials on the 
machine and required an understanding of the way the instrument functioned. The most common cause of 
instrument down-time, as with all chart recorders, was usually the failure of the pen. 
With the gradual introduction of the micro-computer in the 70s. a considerable change took place. Control of the 
instrument began to be taken by the computer, with instruments becoming black-boxes. The operator thus 
followed the menu, which was often less than intuitive. Because of the nature of programming. the instrument 
was often less versatile, frequently a compromise between what the scientist needed and that which the 
programmer could economically deliver. Thus some of the prime functions of the operator was usurped by the 
software engineer. 
With most instruments this is still the present situation today_ Modern instruments are completely computer 
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controlled. Most are designed to be used by the unskilled operator. Methods can be stored and retrieved 
instantly. With automated samplers, large numbers of samples can be processed and, when necessary, very 
complex mathematics and statistics can be performed. However, operator skills have decreased. Whilst the 
equipment is operating correctly this is not a problem, but often simple instrument errors are not detected. 
As a unit which deals with instrumentation training, chiefly in the developing world, this decrease in operator 
skills is ofparticular concern. With the development of LabVIEW, we saw an opportunity to not only improve 
the user interface of instruments by putting back "virtual" controls, but also to simulate instruments on the 
computer for training and, where appropriate, show the theory and mechanics of the equipment. 

I 

I The fIrst Lab VIEW project undertaken was the automation of an old Perkin ElmerlHitachi 124 scanning 
I 
! 
spectrophotometer. This is an old analogue instrument, versatile in that it can be made to measure at a fixed 
wavelength, or to scan between 190-800 nm. With a suitable module, which we made, it could be made to 
I reverse. Output was via 0-10 m V analogue signal to a chart recorder. A counting device was made by making a 
l disc with alternate transparent and opaque windows, which passed through an optically coupled IR device. This was attached to the gear train of the calibrated scanner of the instrument so that the computer could collate analogue output signal with wavelength. Information was gathered in one scan direction only, since backlash in I the gears resulted in about a 3 nm shift in the spectral overlay, ifboth spectra were superimposed. Once in the computer the data could be handled with all the versatility of the latest instrumentation. The system was shown to Perkin EImer (PE) to demonstrate the power ofLabVIEW. Unfortunately, at that time, it was only available 
for the Macintosh. Attempts were made to interface a modem PE spectrophotometer, but for very technical 
reasons this proved impoSSible. However, this demonstration lead to sponsorship for our work from National 
Instruments. 
m coryunction with Philips Scientific Instruments, we then used Lab VIEW to control a modem 
spectrophotometer(Figs. 1 & 2). The PU 8740 has the following philosophy. A low level Z80 processor controls 
all the housekeeping functions of the instrument i.e. stepping motors, grating and mirror movements etc. A 
purpose built 6800 computer not only controls the Z80 via an RS232 link but also processes the signals from 
the photo multiplier. This computer was disconnected and eplaced with a Macintosh with an NI-MIO-16 in 
place. The ZSO is controlled via the RS232 port and the raw signal from the photo multiplier is processed via the 
AID on the card. The instrument is programmed to carry out all its basic functions and is now used with the 
Flow Injection system described later. Extra features are incorporated so that the operator can initiate 
calibration, control the slit widths, signal collection speed and averaging at each wavelength. Using LabVIEW 
we were able to simulate all the basic instrument functions in about 3 weeks. 
Thus we now had an instrument which we could control by means of the virtual controls on the VDU, but also 
store and set-up methods. 
Multimedia 
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During this time we were also carrying out much work on multimedia developments for training. Two examples 
of simple instruments for training are shown. Using LabVIEW we simulated a pH meter for calibration training 
(Figs. 3 & 4) ) in a package on pH measurement Within the electronics section we also simulated a working 
model DC amplifier (Figs. 5 & 6.). With the versatility of LabVIEW 3.2, many complex instruments could be 
simulated for training purposes. 
A recent undertaking has been the development and control of a new Flow Injection Analysis system. 
As research in biotechnology rapidly advances, the need for more complex measurements and 
sophisticated control in fermentation systems also grows. For optimisation of bacterial, yeast and 
mammalian cell fermentation, and for maximum product yield, automatic control of the fennentation 
process is important. To obtain this, continuous information about the flux of substrates and products '. 
is essential. An on-line sample system combined with flow-injection analysis (FIA) offers one possible 
solution to this requirement. 
The Flow Injection System 
Recently attention has been paid to the development of computer controlled systems for on-line 
sampling, flow injection analysis (pIA) and fennentation data handling [1-4]. However most of the 
commercial packages are complex to handle, inflexible, expensive and not always appropriate to the 
requirements of bioprocess scientists, The development of new control techniques requires mixed 
skills in programming, electronics and a knowledge ofbioprocess behaviour. It is difficult and time 
consmning for bioprocess scientists to write new control program with classical languages, such as 
FORTRAN, Pascal and C. However, LabVIEW provides a convenient and easy to use solution. 
The construction of a universal flow injection system for the detennination of substrates in 
fermentation processes is presented with particular emphasis on research demands for such an analysis 
and control system. The general configuration of the system contains four parallel FIA channels for the 
mOnitoring of primary fennentation variables, as well as a biomass channel, pH and oxygen control. 
The system COD~t 
The system is based on an PIA technique, which is gas pressure driven, the carrier and reagents being 
controlled by computer switched solenoid valves (Fig. 9). The system is a fully automated one for 
process-monitoring. A single computer ( an Apple Macintosh Quadra 950) controls sampling, sample 
preparation, spectrophotometers, intermittent calibration, washing or regeneration CYCling. variable 
dilution, injections, signal conditioning/conversion and data processing and evaluation. 
LabVIEW, is being used in this study to rapidly interface signals between all devices and the 
computer. The gas used to drive the system is Helium, since it has virtually no solubility and hence gas 
bubble production is eliminated­
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The fennenter and samplin2 device 
The system is shown in Fig. 7. It is based upon a 5-L fermenter. pH and oxygen electrodes (Ingold, Swiss) are 
installed within the fermenter and connected with the system computer. Both batch and continuous fermentation 
can be performed with this unit. For the continuous mode sterile substrate is pumped to the fermenter by a 
peristaltic pump through autoclavable silicon tubing. 
Periodic removal of a sample of the medium is accomplished without breaching the sterile integrity of 
the vessel by the use of a "sonic fIlter" (the subject of a separate paper) and samples go to waste or to a 
fraction sample collector. 
Ana1ytical System 
A four channels PIA has been designed for monitoring the substrate and waste fermentation variables. 
The entire system contains 15 solenoid valves including 2 way, 3 way and 6 way.. A small sample 
volume is injected into a carrier stream, and after very accurately controlled reaction time a coloured 
product is developed and measured at a specific wavelength via the spectrophotometer. This can be 
set by the computer to any wavelength required. The biomass channel measurement is 
based on the medium turbidity, but the sample is driven by peristaltic pump instead of helium gas. This 
goes to a second spectrophotometer. 
Spectrophotometer 
The modified Philips PU 8700 spectrophotometer previously described is used as the detector. A small 
flow cell with inner volume approximately 8J.1l is fixed in the sample compartment The wavelength 
can be driven anywhere over the range of 190-900 nm. 
Interface and Control 
All devices in the system are controlled by the Macintosh Quadra 950 computer. The computer 
handles data acquisition from the pH meter, oxygen meter, and the spectrophotometer. 
The computer data acquisition and I/O interface cards used are the National Instruments NB-MIO­
16L [5] and NB-DIO-24 [6]. The NB-DIO-24 is a 24 bit parallel digital I/O interface for the Macintosh 
computer. The NB-MIO-16 cards are high performance, multifunctional analogue, digital and timing 
I/O boards. The boards contain 12-bits analogue-to-digital (AID) converters with 16 analogue inputs. 
two 12-bit digital to analogue (JJ/A) converters with voltage outputs, 8 lines of TIL compatible digital 

I/O and three 16-bit counter/timer channels for timing 00. The AfD converter is set to receive 0-10 V 

signals for the spectrophotometer and 0-5 V for the pH and oxygen meter interfaces. 

The electronic circuitry between the computer and the functional hardware is shown in Fig. 10 
Software 
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The software is written in LabVIEW version 2.2.1 and is structured with basic virtual instruments as a 
subroutine (sub-VIs) for control of valves, pumps, calibration, data acquisition and calculations. These sub-VIs 
are called from higher level sub-VIs that direct an analysis cycle, resetting the wavelengths of the 
spectrophotometer, and performing the recording of baselines, directing the PIA channels, operating 
the sampling device, injecting standards or samples, carrying out stopped flow operation, recording the 
response signals, on-line dilution calculations and preparation for the next sample injection. The 
recorded signals are obtained in an array and by means of a calculation and calibration Sub-VI, the 
peak height is found relating to the appropriate concentration. 
The software main front panel is used for controlling the different tasks . It is used for selecting the 
operation channel. PIA injection mode settings and timings, sample size and sample interval setting, 
and setting the spectrophotometers (wavelength, slit width, data collection speed, etc.). While the 
system programme is running, the wavelength for each channel can be set automatically by direct 
control of the spectrophotometer. The front panel also gives the user direct information with regard to 
the present operating status of all systems and to previously recorded data. This is done by graphical 
presentation of the results from the analytical system. Five graphic data display windows are used for 
showing standard concentration, sample concentration, absorbance of all samples and standards and 
continuous pH and oxygen output respectively. Finally, the results are also stored on the computer hard disk for 
later statistical analysis and report production. 
System Calibration 
The system has been set up and calibration has been carried out using colorimetric reactions for 
phosphate, glucose, ammonia and lactate. 
The reproducibility of absorbance peaks recorded with this PIA system is controlled by precision of the timing 
of the valve operations. Figure 5 shows the detector output recorded from ten successive samples of phosphate 
(approximately 2 ppm) monitored using the colour develop by the reaction with a mixture of ammonium 
molybdate (0.OO5M) in O.4M nitric acid, and ascorbic acid (0.25% w/v). The peaks standard deviations is 
0.0016. The absorbance was monitored at 660 DID and carrier and washing liquids were both distilled water (7]. 
The phosphate determination has a linear range of2 mgll to 20 mg/l (corr. =0.989. Y =1.333e-2 + 
9.954e-3x). One measurement takes about 30 sec, which gives 120 injections per hour. The 
colorimetric reaction for glucose is based on a SIGMA (1993) colorimetric method. The linear range 
ofglucose is from O.2g/l to 5g/l (corr. = 0.999, y=9.524e-4 +O.136x). The absorbance was monitored 
at 436 nm. In order to complete the reaction, a stopped flow time of 1 minute was progf'".muned, 
allowing approximately 40 samples per hour. 
Clearly the PIA system gives highly reproducible results and the sensitivity is of the same order, or 
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better, as can be expected from conventional flow-injection analysis. The gas driven PIA is amenable 
to relatively inexpensive expansion to allow a larger number of reagents to be bandled, so that 
sequential analysis for several different analyses is easily accomplished, which is important for 
fermentation on-line monitoring. 
Visual Programmin2 with Lab VIEW 
Software plays a vital role in biotechnology for the development of fermentation control system. 
Standard software available from bio-reactor manufacturers is still not capable of supporting custom 
controlled programmes written by the user [8]. LabVIEW, provides a visual programme language and 
offers a broad range of functionality from device drives for controlling specific hardware interfaces to 
the development of complete systems. With Lab VIEW we were able to develop a multiple channel 
system in a very short period and are able to drive all the devices in real-time. The most significant 
contribution of this work is that the system can change the wavelength of the spectrophotometers 
automatically for each PIA channel. We believe this to be a unique feature of the system. 
The stability of the software is remarkable. This system of some 80 sub VIs and 8 MBytes of 
programme, bas never failed during its many months of operation. Failures, which have been 
infrequent, have been due to electronic components or occasional grounding problems. 
A system for on-line monitoring of primary fermentation variables has thus been developed. The main 
aim was directed at improving PIA techniques for fermentation and the development of a real-time 
control easy-to-use computer interface. This was achieved using the gas driven injection principle for 
multiple channel PIA systems and the development of LabVfEW software which gives real-time 
control from a simulated instrument panel on the computer monitor. The system can be used to 
monitor transient responses in batch and continuous fermentation. With it, it is possible to obtain large 
amounts of experimental data, with most important fermentation variable being measured every few 
minutes. At present the system is being used for the study of the dynamic behaviour of fermentation 
processes, but clearly feed-back control can be used for control of dosing pumps etc. for the 
maintenance of continuous processes. 
LabVIEW provides a robust way of linking together algorithms, equipment, data acquisition, data 
analysis and presentation. This system shows that more than 50 devices can be controlled and 
manipulated by a single programme. The system timing for valve actuation, in this type of FIA, needs 
to be accurately determined and rigidly reproduced. Lab VIEW has been remarkable in both its 
accuracy and ability for real-time change, allowing reagent intermixing to be carried out empirically, 
rather than by complex calculation of tubing lengths and diameters 
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Schematic diagram of experimental apparatus. 1. Helium gas, 2. Fermenter, 3. pH electrode, 4. oxygen 
electrode, 5. Gas filter, 6. Medium reservoir, 7. sampling filter, 8. sampling device, 9. 
Spectrophotometer 1, 10. Carrier reservoir, 11. 6 way-channel switch valve, 12 Channell, 13. Channel 
2, 14. Channe13, 15. Channel 4, 16.6 way manifold, 17. Heater, 18. Spectrophotometer 2, 19 Fraction 
sample collector, 20. Vacuum pump, 21. Medium pump, 22. Waste reservoir. 
Fig. 7 
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Flow injection diagram. 
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Abstract 
A computer-based fully automated control system is presented for fermentation process 
control. The system contains seven operational channels: four flow-injection analysiS 
channels, a biomass channel, pH and oxygen measurement and control, a 
spectrophotometer, an on-line sampling device and further control for up to 29 devices. 
Sample withdrawal and operation of the analytical system is controlled by an Apple 
Macintosh computer (Quadra 950), which also performs data acquisition, calibration 
and calculation. An easy-to-use computer interface program is written in the visual 
programming language Lab VIEW. The software is powerful, flexible and suitable for 
bioprocess scientists to rapidly develop new control techniques for fermentation. 
Keywords: Flow injection; Fermentation; Bioprocess; on-line monitoring and control; 
LabVIEW; Virtual Instruments 
Introduction 
As research in bioteclmology rapidly advances, the need for more complex measurements and 
sophisticated control in fermentation systems also grows. For optimisation of bacterial, yeast 
and mammalian cell fermentation and for maximum product yield, automatic control of the 
fermentation process is important. To obtain this, continuous information about the flux of 
substrates and products is essential. An on-line sample system combined with flow-injection 
analYSis (FIA) offers one possible solution to this requirement. 
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Recently attention has been paid to the development of computer controlled systems for on-line 
sampling, flow injection analysis (FIA) and fermentation data handling (Kilburn, 1989; 
Dahhou, 1991; Kwong, 1992 and Hosobuchi, 1993). However, most of the commercial packages 
are complex to handle, inflexible, expensive and not always appropriate to the requirements of 
bioprocess scientists. The development of new control techniques requires mixed skills in 
programming, electronics and a knowledge of bioprocess behaviour. It is difficult and time 
consuming for bioprocess scientists to write new control programs with dassicallanguages, such 
as FORTRAN, Pascal and C. 
LabVIEW (Laboratory Virtual Instruments Engineering Workbench) is a powerful and flexible 
instrumentation and analysis software system for the Apple Macintosh and IBM PC computers 
and for Sun workstations. LabVIEW departs from the sequential nature of traditional 
programming languages and provides a graphical programming environment. The system 
contains all the tools needed for real-time data acquisition, analysis and presentation. 
LabVIEW programs are called Virtual Instruments{VIs). A VI consists of afront panel and a 
block diagram. 
In this communication the construction of a universal flow injection system for the 
determination of substrates in fermentation processes is presented with particular emphasis on 
research demands for such an analysis and control system. The paper describes the general 
configuration of the system, which contains four parallel FIA channels for the monitOring of 
primary fermentation variables, as well as biomass measurement and pH and oxygen control. 
System Concept 
The system is based on an FIA technique which is gas pressure driven, the carrier and reagents 
being controlled by computer switched solenoid valves (Figure 1). The system is fully 
automated for process- monitoring. A single computer (an Apple Macintosh Quadra 950) controls 
sampling, sample preparation, a spectrophotometer, intermittent calibration, washing or 
regeneration cycling, injections, signal conditioning/ conversion and data processing and 
evaluation. A visual programming language, LabVIEW, is being used in this study to rapidly 
interface signals between all deVices and the computer. The gas used to drive the system is 
helium, since it has virtually no solubility and hence gas bubble production is eliminated. 
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-
 Spectrophotometer 
Tune 
Figure 1. Flow diagram of a single channel FIA system and solenoid valve connections 
Carrier, reagent and sample flows are controlled using solenoid valves that are connected 
together within a manifold using 1.59 mm 00, 0.5 mm ID Teflon tubing. Solenoid valves have 
previously been reported to be used for FIA sample injection (Ma1colme-Lawes, D.J. et al. 1987; 
Malcolme-Lawes, D.}. and Pasquini, C. 1988). Bio-Chem valves (model 075T) controlled by 12v 
DC logic levels are used in this system. An example of the structure of a three way valve is 
shown in Figure 1. The operation consists essentially of dosing one of the two pathways 
between the common (C) and the others, normally open (NO) and normally closed (NC). The 
NO channel is open unless current passes through the solenoid, in which case the actuator 
moves to the right, closing the NO channel and leaving the NC channel open. 
Fermenter and Sampling Device 
The system is shown in Figure 2. It is based upon a 3 litre spinner culture vessel (CELLON, UI<). 
pH and oxygen electrodes (Ingold, Swiss) are installed within the fermenter and connected to 
the system computer. 
Both batch and continuous fermentation can be performed with this unit For the continuous 
mode, sterile substrate is pumped to the fermenter by a peristaltic pump (Watson-Marlow 
Limited, 101F, England) through autoclavable silicone tubing. 
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Gas inlet V8 \9 VlO Olanneil 
Waste Spectrophotometer 
Figure 2. Schematic diagram of the system experimental apparatus 
The sample withdrawal system consists of a sonic filter for on-line sampling without breaking 
the sterile barrier (details of this will be given in a separate paper, not included in this series). 
Application of the filter causes hold-back of cells and supernatant can be collected in a 
sampling chamber. This is then gas pressurised after collection and injected into the system by 
the opening of the appropriate solenoid valve. Samples for estimation of biomass by turbidity 
are withdrawn when the filter is not active. Periodic removal of a sample of the medium is 
accomplished without breaching the sterile integrity of the vessel and allows samples to go to 
waste or to a fraction collector. After analysis all system lines are flushed with a 0.02 % 
solution of sodium azide in phosphate buffer and then sterile carrier before re-use. 
Analytical System 
A four channels FIA has been designed for monitoring the substrate and waste fermentation 
variables. The entire system contains 15 solenoid valves and 3 pinch valves (V19, V20 and 
V21). A small sample volume is injected into a carrier stream of 0.2 M phosphate buffer at pH 
6.8 and, after a very accurately controlled reaction time, a coloured product is developed and 
measured at a specific wavelength with the spectrophotometer. This can be set by the 
computer to any wavelength required. The biomass measurement is based on the turbidity of the 
cell culture. 
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The Spectrophotometer 
A modified spectrophotometer (PHILIPS PU8700) was used as the detector for the FIA 
operation and biomass measurements. The Z80 board, controlling the mechanical functions of 
the spectrophotometer, was disconnected from its 68000 dedicated computer and reconnected to 
the Macintosh via the RS232 port, enabling it to be driven directly by the system computer. The 
raw analogue signal from the photo multiplier is fed directly to the computer via an interface 
card. A small flow cell with inner volume approximately 20 ~ is fixed in the sample 
compartment. The spectrophotometer can be driven precisely to any wavelength over the range 
of 190-90Onm. 
Interface and Control 
All devices in the system are controlled by the Macintosh Quadra 950 computer. This handles 
data acquisition from the pH meter, oxygen meter and the spectrophotometer. 
The computer data acquisition and I/O interface cards used are the NB-MI0-16L (National 
Instruments, 1988) and NB-DIO-24 (National Instruments, 1987). The NB-DIO-24 is a 24 bit 
parallel digital I/O interface for the Macintosh computer. The NB-MIO-16 cards are high 
performance, multi-functional analogue, digital and timing I/O boards. The boards contain 12­
bits analogue-to-digital (A/D) converters with 16 analogue inputs, two 12-bit digital to 
analogue (D/ A) converters with voltage outputs, 8 lines of TIL compatible digital I/O and 
three 16-bit counter/timer channels for timing I/O. The AID converter is set to receive 0-10 V 
signals for the spectrophotometer and 0-5 V for the pH and oxygen meter interfaces. A block 
diagram of the electronic circuitry between the computer and the functional hardware is shown 
in Figure 3. 
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Software 
The software is written in LabVIEW version 2.2.1 (National Instruments Ltd.) and is structured 
with basic virtual instruments. A functional unit is symbolised as an icon. Control of valves, 
pumps, calibration, data acquisition and calculations are written as subroutines (sub-VIs). 
These sub-VIs are called from higher-level sub-VIs that direct an analysis cycle, resetting the 
wavelengths of the spectrophotometer, performing the recording of baselines from the 
spectrophotometer, directing the FIA channels, operating the sampling device, injecting 
standards or samples, carrying out stopped flow operation, recording the response signals, on­
line dilution calculations and preparation for the next sample injection. The recorded signals 
are obtained in an array and by means of a calculation and calibration Sub-VI the peak height 
is found relating to the appropriate concentration. 
The system program main front panel is used for controlling different tasks. It is used for 
selecting the operation channel, FIA injection mode settings and timings, sample size and 
sample interval setting and setting the spectrophotometer (wavelength, slit width, data 
collection rate and speed ). While the system program is running the wavelength for each 
channel can be set automatically. The front panel also gives the user direct information with 
regard to the present operating status of all systems and to previously recorded data. This is 
done by graphical presentation of the results from the analytical system. Three graphic data 
display windows are used. to show standard concentration, sample concentration and continuous 
pH and oxygen output respectively. Finally, the results are stored on the computer hard disk 
for statistical analysis and report production. 
Discussion 
Software plays a vital role in biotechnology for the development of fermentation control 
systems. Standard software available from bio-reactor manufacturers is still not capable of 
supporting custom controlled programmes written by the user (Gregory, 1994). LabVIEW 
provides a visual programme language and offers a broad range of functionality from single 
device drivers controlling specific hardware interfaces to the development of complete 
systems. With this language it was possible to develop a multiple channel system in a very 
short period and to drive all the devices in real-time. The most significant contribution of this 
work is that the system can change the wavelength of the spectrophotometer automatically 
for each FlA channeL Thus, assays need not be designed to link to a specific wavelength, such 
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as340nm. 
With the language, virtual instruments are build instead of writing code. The front panel user 
interface can be created easily for interactive control of a software system. The block diagram 
is the actual program, so the time consuming task of converting ideas into cryptic code can be 
avoided. All the programs described were written in two months. It is important to emphasise 
that there was no previous programming experience and therefore this period also contained a 
learning curve. The size of the program is approximately 8 MBytes and contains 80 sub-icons. 
The control program of the on-line sampling system, which involves the sequential operation of 
three valves, a peristaltic pump and a sampling bottle was written and tested in four hours. 
The four channel FIA control system was written in one week. The time taken compares very 
favourably with professional programmers using classical languages. As libraries of functions 
are built, they can be used in other block diagrams and further functional extensions of this and 
other systems. 
The language is based on a principle of modular design and any individual VIs can be open and 
run. The programmer can interactively test these VIs and immediately use them as icons to 
build sophisticated layers of control. Through modular hierarchy, the programme can be 
designed, modified, interchanged and also combine VIs to meet changing application needs. 
The stability of the software is remarkable. This system of some 80 sub VIs and 8 MBytes of 
program, has never failed during its many months of operation. System failures, which have 
been infrequent, have been due to electronic components or occasional grounding problems. 
Conclusions 
A system for on-line monitoring of primary fermentation variables has been developed. The 
main aim was to improve FIA techniques for fermentation and the development of a real-time 
control easy-ta-use computer interface. This was achieved using the gas-driven injection 
principle for multiple channel FIA systems and the development of software which gives real­
time control from a simulated instrument panel on the computer monitor. The system can be used 
to monitor transient responses in batch and continuous fermentation. This provides large 
amounts of experimental data with the most important fermentation variables being measured 
every few minutes. At present the system is being used for the study of the dynamic behaviour 
of fermentation processes, but it can be used for control of dosing pumps etc. for the maintenance 
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ofcontinuous processes. 
LabVIEW provides a robust way of linking together algorithmss equipments data acquisition, 
data analysis and presentation. This system shows that more than 50 devices can be controlled 
and manipulated by a single program. The system timing for valve actuation, in this type of 
FIA, needs to be accurately determined and rigidly reproduced. The software has been 
remarkable in both its accuracy and ability for real-time change, allowing reagent intermixing 
to be carried out empirically, rather than by complex calculation of tubing lengths and 
diameters. 
Results of the system application are presented in Parts II and III 
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Abstract 
The calibration of the Flow Injection system described in Part I is presented. The 
dispersion coefficient is measured and the estimation of phosphate is used to test 
system performance. On-line measurement for dilution is discussed. The measurements 
of glucose and lactate by enzymatic methods and ammonia by chemical means are 
described. The stability of these assays is also measured and the statistics of quality 
control are presented. 
Keywords: Calibration; Flow injection; On-line dilution; Quality control; Dispersion 
coefficient Enzyme 
Introduction 
Control of environmental parameters is essential in order to understand and control conditions in 
fermentation and cell cultures and to obtain maximum yields. Reliable and continuous on-line 
systems, which are flexible, cheap and specific for measurement of individual metabolites, offer an 
opportunity to study metabolite flux under a variety of conditions with different culture methods, 
such as batch or continuous. Mammalian cell culture is becoming increasingly important due to its 
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industrial potential, especially for the production of monoclonal antibodies (Velez et aI., 1987; Romeo, 
et aI., 1989 and Becker et al., 1993). Additionally, the sensitivity of monoclonal antibodies to changes in 
environmental conditions, the high costs of their production and the long fermentation time required 
for their production underlines the need for continuous on-line control of important parameters. 
The use of enzymes as catalysts for the estimation of specific substances in complex mixtures is not 
new. Indeed, commercial kits for specific estimations are readily available. However, due to their 
properties, enzymes have not been widely used in long term monitoring and most FIA systems rely 
on stable chemical mixtures linked to colour, or other technologies, for estimation. 
Flow Injection Analysis has been in use for many years. Almost all systems use some form of pump, 
which makes them expensive and limited in operation. However, the gas-driven system is cheap, 
reliable and completely extensible. For this system, there is no limit to the control of more parameters 
and devices. It is only a matter of adding valves, tubing connections and software control sequencing. 
The strengths of the control system are its flexibility and ability to perform some very sophisticated 
measurements. The system is designed on the principle of FIA merging zones (Ruzicka, 1988) for the 
on-line determination of some metabolites. The technique has several advantages in that it is easy to 
set up, uses standard methods, has minimal reagent consumption and a high sensitivity. In the 
current application, the system is configured to measure ammonia, glucose, lactate and lactate 
dehydrogenase (LDH). It also measures turbidity as an indicator of biomass. 
Materials and Methods 
The PIA system carrier was 0.2M phosphate buffer at pH 6.8. A solution of 0.02% NaN3 was added to 
prevent bacterial growing in the tubing of the FIA system. The entire FIA system is driven by helium 
(He) at 1.3 bar producing a carrier flow rate of 4.0 ml/min. All reagents for the experiment were 
analytical grade. All reagent solutions were made with oxygen free deionised water to prevent 
enzyme decomposition. 
Phosphate 
The determination of phosphate is based on the reaction with sodium molybdate and ascorbic acid. 
H 3P04+12H2Mo04 --7 H3P(Mo120 4o)+12H20 
Mo(VI) ascorbic acid> Mo(V) 
The absorbance was monitored at 660 nm with deionised water for both carrier and washing liquids 
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(Ruzicka and Hansen, 1988). 
Glucose 
Glucose was estimated using an enzyme assay kit from Sigma (Cat. No. 510, 1994). The reaction is 
based on the following equations: 
Glucose + H 20 Glucose oxidase> Gluconic acid + 2 H20 2 

H20 2 + o-Dianisidine Peroxidas~ Oxidised o-Dianisidine 

The colour is measured at 436 nm. 
Lactate 
Lactic acid measurement is based on the conversion of lactate to pyruvate using lactic dehydrogenase 
and the concomitant reduction of NAD which is measured. at 340 nm (Sigma kit Cat. No. 826-A, 1994). 
Ammonia 
Ammonia was estimated by the formation of a blue indophenol by the reaction of phenol, ammonia 
and hypochlorite (Butler 1992) and read at 63Onm. 
Biomass 
Biomass measurement was performed with the Philips spectrophotometer measuring turbidity at a 
wavelength of 576 nm (Nielsen et aI, 1990) Measurement was based on the determination of 
transmission. Culture background turbidity data was collected before cell inoculation. 
Dispersion Coefficient 
The following parameters were used: 

Carrier stream solution: O.2M phosphate buffer. 

Dye solution: 1 ml stock solution plus 199 ml O.2M phosphate buffer.( Stock solution: O.4g 

bromothymol blue, 25 ml 96% ethanol, 75 ml O.2M phosphate buffer) 

Gas pressure was 1.3 bar with flow rate 4 ml/min. The peaks were recorded by the system 

spectrophotometer at a wavelength of 660 nm. 

Calibration of the On-line Sampling Filter 
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The Acoustic Cell Filter was calibrated with a peristaltic pump. The main parameter for the calibration 
is separation efficiency which is defined as: 
E::::(l-Co/Cj) x 100% (Trampler, et aI, 1994) 
Where Co: viable cell concentration of sample taken from the outflow of the filter. 
Ci : viable cell concentration in the stirred cell reservoir. 
The actual calibration is described in a future paper, separate to this series, but better than 97% cell 
holdback was achieved. Further work is being undertaken. 
Results and Discussion 
Dispersion Coefficient of the FlA system 
One of the fundamental characteristics of flow injection methodology is that controlled, precise 
dispersion is obtained. The factors which control dispersion are flow rate, volume injected, tube 
dimensions and manifold design, together with detector characteristics and injection methods. 
Dispersion coefficient (D) is the essential parameter used to characterise passage of the sample 
through FIA systems (Ruzicka and Hansen, 1975). 
Dispersion is a direct measure of the extent of dilution undergone by a particular part of the sample 
zone between injection and detection and is defined as the ratio of the concentrations before (Co) and 
after (C) transport through a given FIA system. 
Dmax:::: Co/Cmax 
Dmax for the system was determined by the comparison of the absorbance of blue dye solution gas 
driven directly through the detector with the peak absorbance of loaded samples of the same solutions 
propelled from the sample loop by phosphate buffer. 
TIrree duplicate samples were measured and averaged; Co :::: 1.62 and C =0.78. The Cmaxwas 2.07, 
which is a reasonable value in conventional FIA techniques, considering the relationship between the 
reagent and sample mixing and sensitivity (the range of Cmax is 1 - 15, Va1carcel and Luque de 
Castro, 1987). 
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The calibration ofphosphate 
As an example of system performance for a single analytical procedure, results were obtained for the 
determination of phosphate. The injection mode used, with valve frequency, was as follows (in 
seconds); 4s sample /1s reagent (Mo) / 1s reagent (Ascorbate.) / 1s carrier. 
The reproducibility of the system was determined by injecting a standard solution 10 times and 
calculating the standard deviation. The reproducibility of absorbance peaks recorded with this system 
is controlled by the precision of the timing of the valve operations. Figure 1 shows the detector output 
recorded from ten successive samples of phosphate (approximately 2 ppm) monitored using the 
colour developed by the reaction with a mixture of ammonium molybdate (O.OO5M) in O.4M nitric acid 
and ascorbic acid (0.25% w Iv). 
Absorbance 
o Seconds 
Figure 1. System reproducibility recorded for phosphate at 2 ppm. 
The standard deviation was ± 0.<X)14. Figure 2 shows a number of calibration curves for the range of 2 
- 40 ppm phosphate recorded on different days using a fixed injection ratio to demonstrate the 
medium term reproducibility of the system operating in maximum sensitivity mode. 
On-line Dilution in the system 
'This FIA dilution technique is based on the selection of a suitable element of the dispersed sample 
zone to become the source of the analytical readout (Ruzicka and Hansen, 1983). This means that the 
readouts, which are usually obtained from peak maximum, can be replaced by the readouts collected 
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at any tail section of the peak, provided that the readings are always taken at exactly the same delay 
position after injection (Figure 3). The conventional technique is to select a time delay elapsed from 
the point of injection. In the present system, the dilution is achieved by selecting delay array signals at 
the tail of the dispersed sample zone, which appears to be more accurate and is easily calculated by 
the system computer. 
0.0 +----,---,-----.---,r--....,....--..,.--y---.,----...---, 
o 10 20 30 40 50 
Phosphote (mg/I) 

Figure 2. The medium term system reproducibility for phosphate over range of 2-40 ppm 

Figure 3. Gradient dilution is based on selecting readouts at the tail of the dispersed sample zone. 

Electronic dilution is achieved by selecting delay array signals 
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Since the selected elements of the dispersed sample zone have different dispersion coefficients, they 
yield a sequence of corresponding calibration curves with decreasing slopes. The sensitivity of 
measurement is also decreased. So the application of this function is very much dependant on the 
linear slope. Figure 4 shows the four groups of phosphate data recorded at peak delay 5,9 and 12 by 
the system. 
The graph shows good linearity for each set of data which corresponds with the delay arrays of 5, 9 
and 12. This approach is especially practical for on-line fermentation measurements since some of the 
samples may exceed the dynamic range of the detector used. If pre-set with a dilution equation into 
each Channel Measurement program, the software can automatically select pre-set delay arrays and 
calculate the sample concentration by related formula as out of range data occurs. However, the graph 
also demonstrates, as expected, that increasing delay correlates with decreasing sensitivity. 
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Figure 4 The relationships of phosphate dilution between each delay position 
Calibration ofthe System for the Three Biological Parameters 
Three biological parameters, glucose, lactate and ammonia were selected for application 
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4 
measurements and calibrated. The reactions were performed with the reaction tube heater maintained 
at 35.0 ±0.50 C. Because of the nature of the reagents, all solutions were degassed. with helium to 
remove any dissolved oxygen and nitrogen. Samples were taken at daily intervals over a period of 
seven daysto determine reagent stabilities. 
The standard deviation was calculated for each concentration of glucose, lactate and ammonia. Data 
was averaged from the three repeated sampling records on each sampling day. The upper and lower 
control levels (DeL or LCL) were calculated from the average and standard deviation. The calculation 
used ±2standards deviations for VeL and LeL respectively (APHA, 1992). The two control lines 
were written inside of each Channel Measurement program and displayed on the front panel during 
on-line measurements. The data presented were in concentrations, which were calculated through 
linear regreSSion equations, in real time, by system control software. 
Glucose 
Figure 5 shows a linear regression graph of the glucose standard in the range of 05 to 3.5 gil to 
demonstrate the system reproducibility, operating in maximum sensitivity mode. The injection mode 
was sample: reagent: carrier =3.0 : 2.0 : 0.5 (seconds) with 0.2 min stopped flow. The linear 
correlation was 0.991. 
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Figure 5. Linear regression for glucose 
~ 
The lactate linear regreSSion is shown in Figure 6. The concentration range of lactate was from 0.2 to 
1.5 gIl with the injection mode sample: reagent: carrier == 3.0 : 2.0 : 0.5 (seconds). The stopped flow 
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timing was 1.0 min. The calibration curve is not absolutely straight, but passes reasonably well 
through the origin, which is acceptable for this particular reaction. 
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Figure 6. Polynomial regression for lactate 
Ammonia 

Figure 7 shows a number of calibrations for the ammonia analysis for the linear range 2.0 to 40.0 

~g/ml. The injection mode was sample: reagent (1): reagent (2) : carrier = 4.0: 1.0 : 1.0: 0.5 (seconds) 

with 0.1 min stopped flow. The linear correlation was 0.997. 
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Figure 7.Linear regression for ammonia 
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Conclusions 
The experimental data demonstrates that this gas driven FIA system has a high level of precision, 
accuracy and sensitivity. The statistical data from the seven day quality control experiments shows 
that the system is capable of doing on-line fermentation analyses for at least seven days without 
replacing reagents, which is long enough for most laboratory scale animal cell batch cultures. The long 
stability of the reagents is chiefly due to the removal of oxygen from the reagent solutions and the 
oxygen free helium driver gas. Extrapolation of the stability slopes for these reactions would indicate 
a much longer period of reagent life before replacement is necessary 
Compared with conventional FIA systems, there are a number of attractive features to this design. 
Relatively small volumes of reagents are require for each analysis. The assays use approximately 67~ 
of each reagent for the phosphate analysis and 150 J.Il reagent for glucose analysis. So the present 
bottles (100 ml) of reagent can be used for apprOximately 600 glucose samples without refilling. 
The pressure of the helium gas results in a rapid injection reaction, which makes the system much 
faster than the pump based systems. The on-line flow dilution feature results in physical dilution 
becoming unnecessary, giving the flexibility to cope with a wide variety of parameters and variable 
data ranges in fermentation monitoring and control. 
Finally, the system is extensible, cheap and can be used for any colorimetric assay which produces a 
product with a chromophore in the UV or visible range. 
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Abstract 
An example of the application of the system is presented for mammalian cell batch 
culture. The system consists of a laboratory fermenter with a continuous sample 
withdrawal filter and an analysiS system where glucose, lactate and ammonia are 
measured. Biomass is estimated from culture turbidity and compared with cell 
counts. Viability is estimated by the measurement of lactate dehydrogenase and by 
microscopic assay with trypan blue. pH and Oxygen are also measured. The 
system response is fast and yields a large number of reliable and precise analytical 
results which can be of great importance in the monitoring of mammalian cell 
culture conditions. Quality control parameters are also included. 
Keywords: Flow injection; Glucose; Lactate; Ammonia; Mammalian cell; Batch 
culture; On-line sampling 
Introduction 
On-line measurements in mammalian cell cultivation are usually limited to a few simple variables, 
typically the dissolved oxygen concentration and pH. The lack of adequate information hampers the 
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monitoring of these cultures and makes the development of more advanced strategies for their control 
difficult. Nevertheless, several studies have been published recently proposing various methods for on­
line estimation of some important variables in animal cell cultivations (Backer et aI, 1988, Hu and Oberg, 
1990, Fernandez et aI, 1990, Konstantinov et al., 1992, Yamane, 1992 and Male et al., 1993). 
Flow Injection Analysis (FIA) systems have been widely applied to mammalian cell cultures in the past 
few years. Vander Pol et aI., (1992) reported using a multichannel FIA system measuring glucose and 
lactate. The analysis was based on the conversion of the compounds by immobilised dehydrogenase, 
resulting in the build up or consumption of NADH which is measured with a fluorescence detector. An 
application of a dehydrogenase based FIA system for the control of industrial mammalian cell 
fermentation processes has also been described by Becker et al. (1993). The FIA system was adapted for 
the determination of glucose and lactate in the presence of pyruvate. 
The overall purpose of this series of experimental measurements was to demonstrate system stability 
and reproducibility. Thus factors that cause parameter fluctuation between each culture were 
minimised by using the same conditions. Hence the culture medium and serum were identical, the 
same physical conditions were used and, as far as possible, identical cell concentrations from the initial 
inoculation. For the three cultures, the same cell line was used and were all inoculated from the same 
original culture flask. 
Materials and Methods 
The assay procedures were identical to those carried out during calibration and described in Part II. 
Each assay was run with a standard and corrected for any activity changes which may have occurred. 
Acceptability of results was confirmed by comparison to the UeL and LeL quality control results 
referred to in Part II and shown later. 
CeIl line and Culture Conditions 
The cells were a mouse-mouse hybridoma cell line, PY 7105 secreting IgG monoclonal antibody. The 
medium used was PRIM 1640 (SIGMA Cat No. R7509, UK) without L-glutamine and phenol red. 5.0 % 
of Foetal Bovine Serum (SIGMA Cat. No F0643, UK), 0.3 gIl L-glutam1ne (200mM, SIGMA Cat. No. 
G7513, UK) and 10 mIll Penicillin-Streptomycin solution (SIGMA Cat. No P0906, UK) were added in 
PRIM 1640 before the cell were inoculated. 
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Fermenter 
All experiments were performed in a CELLON spinner, equipped with a 2-flat-blade turbine impeller 
with a 3 litre working volume. The inoculum culture was grown in a 600 ml Coming flask. The volume 
of the inoculum was adjusted (usually around 1200 ml) to provide an initial concentration of about 2.0 x 
1()'i cells / mI. Agitation speed was maintained at 100 rpm. The temperature was controlled at 37.0 0C in 
an incubator (LH Fermentation Ltd). 
For both the flask cultures and the fermenter propagation, cell seed was taken from mid-exponential 
phase cultures (2-4 x lOS cells/mI). 
Cell viability 
For cell viability, two parallel measurements were employed: an off-line dye exclusion assay and LDH 
activity. Off-line cell viability was determined by trypan blue dye exclusion in a hemocytometer 
(Dawson, 1992). Cell growth was monitored every 24 hours. 
Lactate dehydrogenase 
The rate of decrease of the absolute absorbance of LDH was measured at 340 nm (Sigma, Cat. No. 340­
UV). The LDH activity was calculated from the linear portion of the reaction, which was worked out in 
a 2.2 minutes period. The temperature used in the reaction was 37 oC, with a temperature correction 
factor (TCF) of 051. The calculation of the LDH activity is as following: 
LDH activity (units/ml) =Absorbance/minute x 20,000 x TCF 
Results 
Reproducibility in the Three Cultures 
Figures 1 - 8 show all parameters which were recorded for the three replicated mammalian cell cultures, 
The culture was run continuously for 144 hours (6 days). Glucose, lactate, ammonia, LDH, turbidity, pH 
and oxygen were measured every 6 hours. Cell viability was counted off-line every 24 hours. The 
system set up and running conditions were the same as described in Part I and Part II. 
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Figure 1. Concentrations of total cell, viable cells and non-viable cells in the three marrunalian cell batch 
cultures 
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Figure 2. Glucose concentration changes in the three mammalian cell batch cultures 
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Figure 5. LDH activity changes in the three mammalian cell batch cultures 
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Figure 7. pH changes in the three mammalian cell batch cultures 
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Figure 8. Dissolved oxygen changes in the three mammalian cell batch cultures 
On-line Quality Control 
On-line quality control for ammonia, glucose and lactate data were also recorded for each culture 
(Figures 9 - 11). All data plus control levels were displayed on the front panel of each channel 
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measurement program in real time. The graphs were constructed from concentrations of the average 
and standard deviations of standard glucose (3 gil), lactate (0.8 gil) and ammonia (8.0 mg/l) 
respectively. 
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Figure 9. Quality control chart for glucose in three mammalian cell batch cultures 
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Figure 10. Quality control chart for lactate in three mammalian cell batch cultures 
During the three repeated culture periods, most of the data for the three assays stayed inside the control 
limits. The general trend for the three parameters was to indicate a slight fall in absorbance for the 
standards during the period of the 144 hours fermentations. 
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Figure 11. Quality control chart for ammonia in three manunalian cell batch cultures 
Changing Trends ofthe Seven Parameters in Mammalian Batch Culture 
All results presented are the average values obtained from the analysis of the three cultures. Figure 12 
shows the total cells, viable cell and non-viable cell concentrations for a typical batch of PY7105 cells. 
The viable cell concentration exhibited a lag period for apprOximately 24 hours after inoculation, 
followed by a period of exponential growth over the next 48 hours. The viable cell concentration 
continued to increase slightly after the end of the exponential phase, reaching a peak of approximately 
1.7 x 106 cells/rnl. The total cell concentration paralleled the viable cell concentration to its maximum 
and remained at a relatively constant value until the end of the culture. For the non-viable cells curve, 
the significant increase can be seen after 72 hours after inoculation and reaches to about 1.4 x 1()6 
cells/ml at the end of the culture. 
Figure 13 shows the cell line batch culture profiles of glucose, lactate and ammonia. During the 
cultivation period approximately 1.5 gil of glucose was consumed and 0.8 gil of lactate and 21.6 mg!l 
ammonia were produced. The maximum consumption and production period for the three parameters 
occurred between 12 hours and 60 hours after inoculation. 
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Figure 12. Concentration of total cells, viable cells and non-viable cells in mammalian batch culture 
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Figure 13. Cumulative glucose consumption and lactate and ammonia production 
The relationships between LDH release, turbidity and cells growth kinetics are shown in Figure 14. In 
the period between inoculation and early cell growth to stationary phase (96 hours) the increase trend 
of medium turbidity generally agreed with cell growth. Stationary phase begins at around 66 hours and 
this also correlates well with both turbidity and viable cells. The turbidity of the medium was relatively 
constant after 66 hours until the end of the culture. The graph also shows a good correlation between 
LDR release and increased numbers of non-viable cells throughout the 144 hours culture period. The 
sharp increase of the non-viable fraction of the culture occurred at 96 hours. It rose from 4.6 x 1~ 
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cells/ml to 1.4 x lot' cells/ml at the end of the culture. In the same period the LDH activity of the 
medium increased from 143 UIml to 369 U Iml. 
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Figure 14. Relationships of cells growth, LDH release and turbidity in culture 
pH and oxygen data are shown in Figure 15. During the course of cell growth, a slight decrease in pH 
was observed between 12 hours and 54 hours. After that period, the pH gradually increased to 7.1 at the 
end of the culture period. As expected, oxygen decreased throughout the culture period. The change 
recorded was from 30.7% saturation at the beginning to 8.7% at the end of the culture. However, a 
significant decrease of oxygen was also observed between 12 hours and 54 hours. 
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Discussion 
In the cultivation of mammalian cells for production of monoclonal antibodies, the measurement and 
control of nutrients is important in gaining an understanding of the conditions in which the antibody 
production rate can be maximised. To control the concentration of nutrients at a desired level, it is 
necessary to measure and control the cell, nutrient, and metabolite concentrations in real time, on-line. 
Results indicate that this system will achieve these objectives. The experimental data from the three 
repeated cultures (Figures 1-8) were in excellent agreement. The three repeated experiments were run in 
consecutive weeks, effectively continuously. During this period and over previous calibration and 
trials, over many months, the system has proved robust, reliable and repeatable. The efficient and 
accurate sample injection technique using gas, has improved system performance for on-line 
fermentation monitoring and appears better than previous techniques. The consistent gas pressure and 
accurate timing of each injection of the analyser results in highly reproducible data. Furthermore, the 
system error has been reduced to a minimum and real on-line data can be recorded during 
fermentation. For this system, there are no limits to controlling more parameters and devices. 
On-line system calibration and quality control will allow the operator to automatically detect any 
mechanical faults or loss of activity of the reagents. The results demonstrate that excellent long-term 
reproducibility and significantly improved reliability are obtained by the system. When the standard 
concentration is below the LeL of the quality control chart, then an exchange of the reagents is 
reconunended. The bottle exchange can be performed with a minimum of lag time without 
interruption to the system whilst running. In this study, all enzymes were stable for many days after 
degassing with helium. During the time that the experiments were running, apart from three samples 
which were just below the LeL, they all stayed inside the control limits. However, there is a trend 
towards slow deactivation of the reagents with time, as might be expected. This illustrates that enzyme 
decomposition is inevitable. However, by use of the quality control parameters, replacement is clearly 
indicated and new reagents can be replaced in good time. 
The application has demonstrated the flexibility, operability and control ability of the software. 

Changes in the control algorithm program can be made in a matter of minutes, so that any new 

applications and new control strategies can be put in place in a very short: time. 

Factors Affecting Cell Growth 
Glucose is an energy source and is essential for the growth of different kinds of cells. The experimental 
data shows that the glucose consumption rate of cells was increased dramatically in batch culture. 
Glucose however, was not completely depleted from the medium, which suggests that in these cultures 
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the glucose concentration was not limiting for growth. Glucose has been shown experimentally to be a 
precursor for the synthesis of the nutritionally non-essential amino acids, pyridines, purines, 
carbohydrates and lipids of the cell (Huang et al., 1993). Moreover, glucose consumption is also an 
indicator of cellular metabolic activity. Comparison of the Figures 13 and 14 shows a good agreement 
between decrease in glucose consumption and loss of culture viability. 
Lactate, which is the end product of glycolysis, is largely derived from the metabolic pathways of 
glucose (Zielke et al., 1980 ), especially during hybridoma cell culture. Excessive lactate is an inhibition 
factor for cell growth as well as for Mab formation (Glacken et al., 1986). In the three cultures, the sharp 
increase in lactate was found between 24 and 72 hours (Figure 13). In contrast, a clearly decreasing 
trend was also found in pH (Figure 15) in the similar period, which agrees wifu the Reuveny et al. (1986) 
finding that lactate production lowers the pH of the medium in hybridoma cell culture. 
Ammonia accumulates in the culture medium as a result of the metabolic activity of the cells and by 
the spontaneous decomposition of glutamine. It is a highly toxic agent and has been shown to inhibit 
cell growth in a variety of cell lines. For example, it will inhibit the growth of canine kidney cells 
(Glacken et al., 1986), and hybridoma cells (Reuveny et al., 1986, Glacken and Sinskey, 1985, Butler and 
Jenkins, 1989 and Doyl and Butler, 1990). It is still not quite clear, however, whether the ammonia 
molecule (NH3) or the ammonium ion (NH4+) is fue species responsible for limiting cell growth and 
reducing bioreactor productivity. In current experiments, a sharp release was observed between 24 and 
72 hours. About 20 mg/l was released in this period. The trend of ammonia release (Figure 13) in 
culture coincided with the increase of the viable cells (Figure 12). The results demonstrated that 
ammonia, as a metabolite from the culture, relates to both cell activity and metabolic deamination of 
glutamine. lio et al., (1984) and Hassell et al., (1987) have reported that removal of the accumulated 
ammonia or reducing its metabolic formation can result in higher cell yields. 
It was observed that cells begin to die off rapidly after 96 hours of growth in batch culture. The cause of 
death could be attributed to lack of oxygen, a nutrient depletion, waste product accumulation, or 
perhaps a combination of these factors. 
Figure 14 shows that loss of culture viability was accompanied by an increase in the LDH release. The 
data demonstrates 1hat the release of LDH can be used as a good indicator to detect the decrease in 
viable cell numbers. In the present application, the increase in LDH release and non-viable cell numbers 
occurred between 72 - 96 h whereas the marked decrease in viable cell numbers occurred between 96 ­
144 hours. Monitoring of LDH release detected loss of culture viability before this was detectable as a 
decrease in viable cell numbers. 
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Conclusions 
The results from three repeated application cultures demonstrates that the combination of FIA 
technique with the acoustic filter and robust control software offers a useful means for reliable on-line 
medium analysis. The system was stable for the duration of each fermentation. Samples were obtained 
using the newly developed on-line sampling device which incorporates the most desirable features of 
the few devices currently available. The on-line results could be used to give a rapid assessment of the 
metabolic condition of the mammalian cells and to maintain optimal cultivation conditions, as well as 
to obtain higher final production. 
There are several advantages of the system described here in comparison with the results obtained from 
others (Kilburn et aI., 1989, Nielsen et aL, 1989 and Renneberg et aI., 1991), which are essentially due to 
the improved FIA system (multiple channels, gas driven and automatic wavelength change), the newly 
developed acoustic filter and robust control software. The strengths of the system are its flexibility, 
stability, and the ability to perform some sophisticated on-line monitoring of the mammalian cell 
culture. 
The experiments have demonstrated the integration of the on-line sampling and monitoring system 
with the computer control system, utilising the customised Lab VIEW software to achieve such a 
complex system. The results presented here have clearly shown the benefits obtained from the system 
demonstrated its efficacy. 
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